rate. Kolb and Scheraga explain the rationale for calculating the social
costs of compliance using this 2-stage discounting approach.l40

A second important assumption in the economic analysis is that pub-
licly owned landfills have more flexibility in generating the revenues to
pay for the capital and operating costs of emissions controls than pri-
vately owned landfills. Specifically, public entities can generate the
revenues for compliance costs by increasing taxes of various'types or by
increasing user fees at the landfill while it is still accepting MSW.
Alternatively, private landfills can only cover compliance costs by
increas~-ing user fees during the landfill's operating Tife.*

The difference in public and private landfills regarding their ability
to generate the revenues for covering the costs of emissions controls has
important implications for the annualization period for such costs. In
particular, we annualize the enterprise costs for publicly owned landfills
over the control period. Even though the landfill will be closed during
some of the control period, the public entity that owns the landfill wil)
still be able to tax former users of the landfill (and possibly others) in
order to cover the compliance costs. Alternatively, we annualize enter-
prise costs for privately owned existing landfills over the period from
1992 (the anticipated promulgation date of the regulatory alternative
selected) to the landfill's closure date.t We assume that these landfills
must sufficiently increase user fees during this time period to cover
compliance costs over the entire control period (including the years after
closure). Thus, the necessary increase in user fees may be quite large
whenever compliance costs are relatively high and the number of years until
closure is relatively small.

*The difference in the ability of public versus private landfills to
generate revenues for compliance costs is particularly significant for
affected landfills that are closed before the regulations are promulgated.
Public entities that own a closed landfill can increase taxes on house-
holds and businesses that were previously served by the closed landfill in
order to pay for emissions controls. Owners of private landfills that are

closed have no way to generate revenues to cover the costs of emissions
controls.,

tWe annualize enterprise costs for privately owned new landfills over the
entire operating life of these landfills.
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8.4 ANALYSIS OF ECONOMIC IMPACTS

As described in Section 8.3, the EPA is considering regulatory alter-
natives for controlling air emissions from both closed/existing landfills
and new landfills., Section 8.4 first discusses the economic impacts of the
three possible nonmethane organic compound (NMOC) emissions level cutoffs
under the Guidelines of §111(d) of the Clean Air Act (CAAJ. Then, this
section discusses the economic impacts of proposed regulations under the
Standards of CAA §111(b) for the same three possible NMOC emissions level
cutoffs. In evaluating the impacts of controls under each section of the
CAA, we consider two basic control options: combustion without energy
recovery (the flare option), and energy recovery (the energy recovery
option).

As described above, increasing NMOC emissions cutoffs (i.e., 25 Mg
NMOC/yr, 100 Mg NMOC/yr, and 250 Mg NMOC/yr) represent decreasing levels of
stringency for the controls. Thus, for example, more landfills are
affected by each control option at the 25 Mg level than at the 100 Mg
level. Landfills will be required to operate controls in every year for
which their emissions level exceeds the chosen cutoff level. So some
landfills may need to operate controls for mahy years after closure, until
the NMOC emissions fall below the chosen cutoff level.

8.4.1 Section 111(d) Guidelines

Guidelines under §111(d) of the CAA address existing sources of
emissions. In the case of landfills, these guidelines will apply to both
closed and existing landfills, since the level of NMOC emissions builds
throughout the active life of a landfill and continues after closure. As
indicated in Section 8.3, the model used to estimate emissions assumes that
each landfill that closes is replaced by another identical landfill serving
the same area.

We first characterize the landfills affected under each stringency
level for the flare option, then we address the economic impacts of the
stringency levels on affected landfills. Next, we examine the energy
recovery option, characterizing the affected landfills under each strin-
gency level and estimating the economic impacts of that option.

8.4.1.1 Flare Option. Under the flare option, landfills are assumed
to control their NMOC emissions by collecting the NMOCs and then burning
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them, with no provision for energy recovery. We assume that all landfills
generating NMOC emissions above a given stringency level are affected by
the §111(d) Guideline. As mentioned above, three possible stringency
levels are being evaluated: 25 Mg NMOC/yr, 100 Mg NMOC/yr, and 250 Mg
NMOC/yr. _

0f 7124 landfills (6034 existing landfills and 1090 closed Tandfills)
eligible for coverage under the §111(d) Guidelines, between 5% and 26% of
the landfills would be affected, depending on the stringency level
selected. As indicated in Table 8-6, if the most stringent 25 Mg NMOC/yr
cutoff were selected, 1884 landfills would be affected. If the 100 Mg
NMOC/yr stringency level were selected, 853 landfills would be affected,
while only 386 landfills would be affected if the 250 Mg NMOC/yr stringency
level were selected.

In addition to the total number of affected landfills, Table 8-6 shows
a distribution of affected landfills by design capacity under each of the
possible stringency levels. Under the most stringent 25 Mg stringency
level, a larger proportion of the total number of affected landfills is
small (27% have less than 1 million Mg design capacity, 71% have less than
5 million Mg design capacity) than under the less stringent cutoff levels.
Only 16% of the affected landfills would have a design capacity below
1 million Mg under the 100 Mg stringency level, while only 6% would fall
into this smallest size category under the least stringent 250 Mg cutoff
level.

As mentioned above, some landfills will be required to operate emis-
sions controls for many years after they close. This is of particular
concern for private landfills, since increased user fees while they are
still active and accepting MSW are their only means of paying for these
controls. The bottom part of Table 8-6 shows the number of affected
privately owned landfills under each stringency level. The landfills
expected to have the greatest difficulty pay{ng for the NMOC controls are
those which are privately owned and already closed. Ffor these landfills,
there exists no possibility of recovering the costs of compliance through
increased user fees. As shown by the last line, 4% of the affected land-
fills under the most stringent 25 Mg level are privately owned closed
landfills. Under the 100 Mg stringency level, 6% of the affected landfills
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are privately owned closed landfills, while under the 250 Mg level, 10% are
privately owned and closed.

As noted earlier, landfills will be required to operate emissions
controls as long as their NMOC emissions exceed the selected cutoff level.
In general, different landfills will reach a given emissions cutoff level
in different years. Similarly, the number of years that emissions will
exceed the cutoff level will vary from landfill to landfill, and therefore
the year that controls may be removed will vary from landfil} to landfill.
Thus, the possible economic impacts of the emissions controls will be
incurred by various landfills during different time periods.

Table 8-7 depicts the distribution of the length of the control period
for affected closed and existing landfills under each of the three strin-
gency levels. In general, the control periods range from one to more than
277 years, with the maximum length of control period being slightly longer
as the stringency of control increases. The average length of control
period ranges from 66 years for the 100 Mg stringency level to 79 years for
the 25 Mg stringency level.

As mentioned above, the ease with which landfills will be able to
recapture the costs of installing and operating the controls will decrease
after the landfill closes. Until that time, the landfill may increase its
user fees to offset some of its increased costs. After closure, the public
owners of the landfill will have to find some other means of raising reve-
nues (such as taxes), while the private owners will not be able to raise
revenues at all. Private landfills must therefore increase user fees
sufficiently to offset all their control costs while the landfill is still
accepting MSW. Thus, the shorter the length of time between the start of
controls and landfill closure, the greater the financial burden of a given
control cost on a landfill, especially if it is privately owned.

Table 8-8 provides information about the length of control period
prior to closure for all affected closed and existing landfills, and 8-9
provides such information for privately owned affected landfills. The 22%
to 23% of affected landfills that are privately owned under the 25 Mg and
100 Mg stringency levels, respectively, have slightly longer control
periods prior to closure than the publicly owned affected landfills, while
the 27% of affected landfills which are privately owned under the 250 Mg
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stringency level have a slightly shorter control period prior to closure.
Of particular concern may be the privately owned landfills with ten years
or less between the imposition of controls and closure. These comprise 112
of the privately owned affected landfills under the 25 Mg stringency level,
73 under the 100 Mg stringency level, and 32 under the 250 Mg stringency
level. ’ s

One meashre of the cost of complying with the regulatory alternativas
under consideration is the net present value of enterprise costs. This
measure, shown in Table 8-10, is computed by discounting the flow of
capital and operating costs to arrive at a measure of the current value of
the costs that will be incurred throughout the control periods for the
various landfills. Since most lTandfills will begin and end controls at
different times, using a net present value measure of costs is the appro-
priate way to compare costs between landfills.

As explained in Section 8.3, the interest rates faced by public owners
of landfills differ from those faced by private owners, so we discount the
stream of capital and operating costs using a different discount rate for
each ownership group. We discount the capital and operating costs incurred
by public Tandfill owners as a result of complying with the regulatory
alternatives under consideration using a 4% discount rate, while we
discount costs incurred by private landfill owners to their present value
using an 8% discount rate. Table 8-10 presents these costs, along with a
distribution of the number of affected landfills in several enterprise cost
categories for each of the three stringency levels. '

The maximum net present value (NPV) of enterprise costs incurred by
any landfill is $61 million under the 25 Mg stringency level, $54 million
under the 100 Mg stringency level, and $51 million under the 250 Mg strin-
gency level. When summed across all landfills affected by controls under
each stringency level, the national total NPV of enterprise costs ranges
from $1.93 billion under the 250 Mg stringenéy Tevel to $5.86 billion under
the 25 Mg stringency level (see Table 8-10). A larger proportion of
affected landfills incurs a relatively low NPV of enterprise costs ($3
million or less) under the 25 Mg level than under the 100 Mg level or the
250 Mg ievel. The mean NPV of enterprise costs per affected landfill under
the 250 Mg stringency level, $5.00 million, exceeds that for the other two
stringency levels.
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Table 8-11 shéws another measure of enterprise costs. The annualized
enterprise control cost per Mg of MSW for affected existing landfills is
computed based on each landfill's NPV of enterprise costs. These costs are
annualized using the following formula:

NPV _enterprise costs
| (1= (140)"Yy/r
where r is the interest rate and t is time.

The interest rate and the length of time over which costs are annual-
ized depend on the ownership of the landfill. As explained previously,
publicly owned landfills are annualized using a 4% interest rate over the
time period during which controls will be in place. Privately owned land-
fills, on the other hand, will not be able to recapture their compliance
costs after they stop accepting MSW. The enterprise costs for privately
owned landfills, therefore, are annualized over the period from 1992 until
the landfill closes, using an 8% interest rate.

To compute the annualized enterprise cost per Mg of MSW for affected
existing landfills, the annualized cost is divided by the quantity of waste
accepted by the landfill in 1986.* One measure of the average annualized
cost per Mg of waste accepted is the national annualized cost per Mg of
MSW, which is computed for each stringency level by summing the annualized
enterprise costs for all the affected landfills at that level, and then
dividing by the summed quantities of waste accepted by all the affected
landfills in 1986. The national average annualized costs per Mg of MSW at
each stringency level is less than $1 per Mg. These national annualized
costs per Mg of MSW range from $0.72/Mg at the 250 Mg stringency level to
$0.89/Mg at the 25 Mg level.

Table 8-11 also contains a frequency distribution of affected land-
fills by annualized cost per Mg of MSW accepted in 1986. The frequency
distribution indicates that the proportion of affected landfills incurring
annuaiized costs of $1.25 per Mg of MSW or less increases as the level of
stringency decreases. At the 25 Mg stringency level, about 45% of

*As noted in Section 8.3, the historical annual average amount of MSW

accepted by the landfill is substituted for the quantity of MSW received in
1986 for some landfills.
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landfills experience annualized costs of $1.25 per Mg or less; the maximum
annualized cost at this level of stringency, however, is $57 per Mg. At
the 100 Mg stringency level the maximum annualized cost falls to $25 per Mg
of MSW, and the proportion experiencing costs of $1.25 per Mg or less
increases to 51%. Finally, at the 250 Mg stringency level, 60% of affected
Tandfills éxperience annualized costs per Mg of MSW of §1.25 or less, and
the maximum annualized cost experienced is only $8 per Mg.

As noted above, the enterprise costs for privately owned landfills are
annualized over a period beginning when the regulation takes effect in 1992
and ending when the landfill closes. Privately owned landfills can only
recapture -heir costs through increased user fees while they are still
accepting MSW. The shorter the period of time between 1992 and the year
the landfill closes, therefore, the greater the potential burden of a
particular-amount of control costs on the landfill's owners. Tables 8-12
and 8-13 give the same information as Table 8-11, but for privately owned
landfills which have five or fewer years until closure or 5 to 10 years
until closure, respectively. Table 8-12 shows that the national annualized
enterprise cost per Mg of MSW accepted for private landfills with five
years or less until closure is more than five times the national annualized
costs for all affected landfills at each stringency level. Specifically,
at the 250 Mg stringency level, the national annualized enterprise cost is
$5.33 per Mg of MSW, it is $4.37 per Mg of MSW at the 100 Mg level, and it
is $5.24 per Mg at the 25 Mg stringency level. At the 100 Mg stringency
level, 90% of the 41 affected landfills that are expected to close by 1997
experience annualized costs between $3.00 and $10.00 per Mg of MSW.

For private landfills closing between 1998 and 2002, unit control
costs are not nearly as high as the unit control costs of private landfills
closing before 1988 (see Table 8-13). The national average measure is
$1.17/Mg of MSW at the 25 Mg stringency level, $0.95/Mg of MSW at the
100 Mg stringency level, and only $0.48/Mg at the 250 Mg stringency level.
At the 250 Mg stringency level, only two landfills affected are expected to
close between 5 and 10 years after 1992, and they incur costs less than
$0.50 per Mg of MSW. At the 100 Mg stringency level, only 7 affected land-
fills are expected to close between 1998 and 2002, and they experience
annualized enterprise costs between $0.50/Mg and $1.25/Mg. At the 25 Mg
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level, 17 landfills are expected to close between 1998 and 2002, with
annualized costs between $0.50/Mg and $10.00/Mg.

Table 8-14 presents the annualized enterprise cost per household for
affected existing landfills. This attempts to assess the annualized cost
that will be borne by households served by affected landfills. To compute
this measure, the annualized enterprise costs are divided by an estimated
number of households served by the affected landfills.* The national “
annualized enterprise cost per household for each stringency level is
computed by summing the annualized enterprise costs incurred by all
affected landfills at that stringency level, and then dividing by an
estimate of the total number of households served by those landfills in
1986. The national annualized enterprise cost ranges from $4.16 per
household at the 250 Mg stringency level to $5.18 per household at the
25 Mg stringency level. At the intermediate 100 Mg stringency level, the

‘national annualized enterprise cost.is $4.90 per household.

The frequency distribution of affected landfills by annualized enter-
prise cost per household, also shown in Table 8-14, indicates that one-
fifth of affected landfills at the 25 Mg stringency level will incur
annualized enterprise costs of $3.50 per household or less, and 43% will
incur annualized enterprise costs of $7.00 per household or less, although
the maximum annualized cost at this stringency level is $332 per household.
At the 100 Mg stringency level, the maximum annualized cost incurred is
$148 per household; however, one-quarter of the affected landfills will
incur annualized costs of $3.50 per household or less and one-half will
incur costs of $7.00 per household or less. Only 10% of affected landfills
will incur annualized costs of $30.00 per household or more under the
100 Mg stringency level. At the 250 Mg stringency level, over one-third of

*We estimated the number of households served by affected landfills
using the amount of MSW received by these landfills and an average amount
of MSW generated by households. We calculated the latter by dividing the
total amount of MSW going to all landfills based on the OSW data by the
estimated number of households served by landfills in the United States.
This resulted in a much higher MSW generation rate per household than other
estimates, but this MSW generation rate is consistent with the MSW accept-
ance rates used in the cost model. Nevertheless, these MSW generation
rates per household probably result in overestimates of annualized enter-
prise costs per household served by affected landfills.
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the affected landfills experience annualized costs per household of $3.50
or less and 61% incur costs of $7.00 per household or less.

' A measure of the potential cost to society of complying with the requ-
latory alternatives is the net present value of social costs. This meas-
ure, shown in Table 8-15, is computed by first annualizing capfta1 costs
and then discounting the flow of capital and operating costs to arrive at a
measure of the present value of the costs that will be incurred throughout
the control periods for the various landfills. A net present value measure
of costs is the appropriate way to compare costs between landfills since
most landfills will begin and end controls at different times.

As noted in Section 8.3, computing the net present value of social
costs involves a two-stage process. First, the capital costs, which are
incurred in discrete "lumps" periodically throughout the control period,
are annualized over the control period using a 10% rate. Then the result- "
ing stream of annualized capital costs and the stream of annual operating
costs are discounted using a 3% discount rate. These costs are combined to
yield the total net present value (NPV) of social costs incurred by each
affected landfill. The maximum NPV of social costs incurred by any land-
fill is $140 million under the 25 Mg stringency level, $112 million under
the 100 Mg stringency level, and $75 million under the 250 stringency -
level.

When summed across all affected landfills under each stringency level,
the national total NPV of social costs ranges from $3.92 billion under the
250 Mg stringency level to $11.65 billion under the 25 Mg stringency level
(see Table 8-15). While more landfills are affected under the more strin-
gent 25 Mg level than under the other two stringency levels, a larger
proportion of affected landfills incurs relatively lower NPV of social
costs ($3 million or less) under thé 25 Mg level than under the 100 Mg
level or the 250 Mg level. The mean NPV of social costs per affected
landfill under the 250 Mg stringency, $10.1 million, exceeds the mean NPV
of social costs for the other two stringency levels.

Annualizing the net present value of social costs provides another
measure of the cost to society of the regulatory alternatives under
consideration. . In this situation we annualized the net present value of
the social cost of each affected landfill over the years from 1992 to the
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end of the landfill's control period using a 3% discount rate, and then we
summed these individual annualized values to get the total annualized
social cost. The resulting total annualized social cost for affected
closed and existing landfills for each stringency level is:

. $416 million for the 25 Mg stringency level
. $297 million for the 100 Mg stringency level
*  $150 million for the 250 Mg stringency level.

Thus, the annualized social cost of the 100 Mg stringency level is almost
twice the annualized social cost of the 250 Mg stringency level. The
annualized social cost of the 25 Mg stringency level is 40% higher than the
annualized social cost for the 100 Mg stringency level.
- - 8.4.1.2 Energy Recovery Option. As discussed in Section 8.3, it will
‘be more economical for some landfills to reduce emissions by using flares,

while for others it will be more economical to use an energy recovery
technique. While energy recovery is more costly, especially in terms of
initial capital investment, it also will bring in some revenue from the
sale of the purified landfill gas or the energy produced from various uses
of this gas. In considering the energy recovery options, we omit the
landfills that would actué]]y profit from energy recovery according to the
model in Chapter 7, because we assume these landfills would initiate the
use of energy recovery even in the absence of EPA emissions control
requlations. We therefore conclude that neither the emissions reductions
nor the costs of emissions control with energy recovery at these landfills
should be attributed to the regulatory alternatives under consideration.
So assessing the impacts of these regulatory alternatives involves studying
only those landfills that would experience positive costs using the least
costly control option.

When we omit all landfills that would find energy recovery profitable
(that is, landfills where the revenue from energy recovery exceeds the
energy recovery costs), the number of affected landfills at each potential
level of stringency is considerably smaller. As Table F-1 in Appendix F
shows, the number of affected landfills falls from 1884 to 1024, a decrease
of 46% under the most stringent regulatory alternative (i.e., 25 Mg of
NMOC/yr). At the 100 Mg stringency level, the number of affected landfills

8-68



falls by 62%, from 853 to 325. Finally, at the least stringent 250 Mg
level, the number of affected landfills falls by 80%, from 386 to only 77.

Table F-1 also shows the number of privately owned affected landfills
under the energy recovery option. As described above, privately owned
landfills may have the greatest difficulty paying for the emissions
controls, because all their costs must be recaptured through increased user
féees during the period when the landfill is still actively accepting MSw.
The number of privately owned affected landfills varies from 27 under the
least stringent 250 Mg cutoff to 68 under the 100 Mg stringency level, and
215 under the 25 Mg stringency level. From 10 to 29 of the privately owned
landfills will close by 1992 and therefore are expected to have no way of
recapturing the costs of compliance.

As described above, landfills must use emissions controls during a
control period that will vary in length from landfill to landfill, extend-
ing beyond the closure of the landfill. Table F-2 depicts the length of
control period, while F-3 shows the length of control period prior to
closure. Although the control period may be as long as 130 years under the
250 Mg stringency level, 235 years under the 100 Mg stringency level, and
277 years under the 25 Mg stringency level, the average length of the
control period is much shorter. The average control period for affected
landfills under the 250 Mg stringency level is 36 years, while it is 51
years under the 100 Mg stringency 1eve]; and it is 70 years under the 25 Mg
stringency level. Also, as shown in the frequency distribution of affected
landfills by length of control period, the proportion of affected landfills
with control periods less than, for example, 50 years, is roughly two-
thirds under the 250 Mg and 100 Mg stringency levels, but is only 43% under
the 25 Mg stringency level.

The shorter the time between the imposition of controls and a land-
fill's closure, the more difficult it will be for the landfill to recover a
given amount of compliance costs by increasiﬁg user fees at the landfill.
This problem, of course, is particularly serious for landfills which are
already closed, but it may also affect landfills with a fairly short period
of time (for example, only 5 or 10 years) between the start of the controls
and the landfill's closure. Table F-3 shows the length of the control
period prior to closure for existing landfills under the energy recovery
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option. While some Tandfills have as much as 177 years of operating life
under the 25 Mg stringency level, the average length of control period
prior to closure for that stringency level is about 21 years. For the less
stringent levels, the average operating lives are even shorter--14.5 years
for the 100 Mg stringency level and less than 9 years for the 250 Mg strin-
gency level. A larger share of the affected landfills will have shorter
control periods before closure at the less stringent 250 Mg and 100 Mg
levels of control than at the most stringent 25 Mg level. At the 250 Mg
stringency level, 81% have 10 years or less of controls prior to Closure,'
while 63% have teﬁ-years or less prior to closure at the 100 Mg stringency
level, and 41% have 10 years or less prior to closure at the 25 Mg strin-
gency level. '

To measure the impacts of the regulatory alternatives under considera-
tion on the owners of landfills, we use the net present value (NPV) of
enterprise costs. These costs include both capital investments and operat-
ing costs, less revenues from energy recovery for those landfills that
choose the energy recovery option. Table F-4 shows these costs, along with
a frequency distribution of landfills by NPV of enterprise costs. We
assume that the landfill will choose the control option that minimizes its
costs of control. To determine which option a particular landfill will
select, we discount the capital and operating costs incurred over time to
compute a NPV of each. For publicly owned landfills, we use a 4% discount
rate, while for privately owned landfills we use an 8% discount rate. The
~ NPV of enterprise costs for the flare control option for each landfill is
compared with the NPV of enterprise costs for the energy recovery option
minus the revenue from the energy recovery activity.

Allowing landfills to employ an energy recovery control option has two
overall effects on the impacts of the regulation. First, fewer landfills
are affected, because we assume that any landfill for which the energy
recovery option is profitable would have instituted such a system in the
absence of any EPA emissions regulation. Thus, we can attribute neither
the emissions reductions nor the costs of installing and operating energy
recovery equipment to the regulatory alternatives under consideration.
Second, the remaining landfills incur Tower enterprise costs, both in the
aggregate and on average. As just noted, the number of landfills affected
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by the regulation falls for each stringency level. As a result, we would
expect aggregate NPV of enterprise costs to be lower, even if the average
NPV of enterprise costs per landfill did not decrease. In fact, however,
the average NPV of enterprise costs per landfill does decrease, falling 54%
to 68% when we allow landfills to choose the least tost1y control option
(see Table F-4). At the 100 Mg stringency level, for example, the average
NPV of enterprise costs per landfill under the flare option is $4.26
million. When the landfills are allowed to choose their least costly
control option, the average landfill now only incurs an NPV of enterprise
costs of $1.39 million. As a result of these combined trends, the aggre-
gate NPV of enterprise cost falls by 75% and 93%, depending on the strin-
gency level. The frequency distribution of affected landfills by NPV of
enterprise costs is even more skewed toward the lower cost categories under
the energy recovery option than under the flare cption. At the 25 Mg
stringency level, for example, 71% of landfills incur NPV of enterprise
costs less than $3 million under the flare option, while 93% of landfills
incur NPV of enterprise costs less than $3 million under the energy
recovery option.

Annualized enterprise cost is another measure of the impacts of enter-
prise costs on landfill owners. This is computed for publicly owned
landfills by annualizing the NPV of enterprise costs for each landfill
using a 4% interest rate over the period during which controls are in ptace
for that landfill. Costs for privately owned landfills are computed by
annualizing the NPV of enterprise costs for each landfill using an 8%
interest rate over the period from 1992 through the year when the landfill
closes. |

Table F-5 displays the annualized enterprise costs per Mg of MSW for
landfills having positive energy recovery costs. This is computed by
dividing the NPV of enterprise costs by the reported quantity of waste
accepted in 1986. The national annualized cost per Mg of MSW accepted is
computed by summing annualized enterprise cost for all the affected land-
fills under each stringency level, and then dividing by the sum of the
reported quantities of waste accepted by all affected landfills in 1986.
These quantities range from $1.43/Mg of MSW accepted at the 250 Mg strin-
gency level to $2.66/Mg of MSW at the 100 Mg stringency level. The
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national annualized cost per Mg of MSW for the 25 Mg stringency level falls
between those values, at $1.64/Mg of MSW accepted. Although these costs
are low, they are about two to three times higher than the national
annualized enterprise costs per Mg of MSW under the flare option (see Table
8-11). This occurs because many of the affected landfills with low
enterprise costs per Mg of MSW under the flare option will make a profit
from energy recovery. So these low unit cost landfills are omitted from
the group of affected landfills under the energy recovery option.

Table F-5 also shows a frequency distribution of affected landfills by
annualized cost per Mg of MSW. The proportion of affected landfills
experiencing annualized costs exceeding $3.00 per Mg is 43% under both the

- 25 Mg stringency level and the 100 Mg stringency level; the maximum annual-
~ized cost incurred at the 25 Mg level is $57.15 per Mg, while the maximum
is $25.42 per Mg at the 100 Mg level. At the 250 Mg stringency level, the
proportion of landfills with annualized costs of $3.00 per Mg or more falls
to 24%, and the maximum annualized cost is $8.39.

We measure the impacts of the §111(d) regulatory alternatives under
consideration on the users of affected landfills with the annualized
enterprise cost per household. This is computed by dividing the annualized
enterprise cost by the estimated number of households (based on an average
waste generation rate per household) served by the landfill. The national
annualized cost per household, shown at the top of Table F-6, is computed
by summing the annualized enterprise costs for each affected landfill at
each stringency level, and then dividing by the sum of the estimated number
‘of households served by all the affected landfills at that stringency
level. The national annualized cost per household varies from $8.33 -per
household at the 250 Mg stringency level, to $9.50 at the 25 Mg stringency
level, to $15.47 at the 100 Mg stringency level. As was the case for
annualized costs per Mg of MSW, national annualized household costs under
the energy recovery option are much higher than the annualized household
costs under the flare option, because many of the low household cost
landfills are not affected by the regh]atory alternatives under the
assumptions of the energy recovery option.

The frequency distribution of affected landfills by annualized cost
per household suggests that the 821 affected landfills at the 25 Mg
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stringency level incur annualized costs per household that are more
concentrated at the lower values ($7.00 per household or less) than the
costs incurred by the 252 affected landfills at the 100 Mg Tevel. The
national average cost per household at the 100 Mg stringency level is about
$15, but one-quarter of affected landfills at this level incur annualized
costs of $30 per household or more. “

The net present value of social costs in Table F-7 measures the
potential impacts of the stringency levels under consideration on society.
The capital costs of compliance are annualized at a 10% rate, then the
resulting stream of annualized capital costs plus operating costs are
discounted at a 3% rate to determine the net present value of these costs.
The NPV of revenues from energy recovery then are subtracted from total
costs for those landfills that use the energy recovery option. As indi-
cated in Table F-7, the national social cost of the regulatory alternatives
ranges from $253 million for the least stringent 250 Mg level of control to
$2.96 billion for the most stringent 25 Mg level of control. While aggre-
gate costs are higher at the more stringent levels of control, average
social cost per landfill is lower, because more landfills with lower costs
are affected. Specifically, the average total social cost per affected
landfill is $2.89 million at the 25 Mg stringency level, $2.55 million at
the 100 Mg stringency level, and $3.27 million at the 250 Mg level.

To provide another perspective on the social cost of the regulatory
alternatives under consideration, we calculated the annualized social cost
for the three stringency levels for the energy recovery option. Specifi-
cally, we annualized the net present value of social cost for each landfili
over the years from 1992 to the end of its control period using a 3%
discount rate, and then we summed the individual annualized values to
estimate the total annualized social cost. These costs are:

. $124 million for the 25 Mg stringency level
. $68 million for the 100 Mg stringency level
. $19 million for the 250 Mg stringency level.

Note that annualized social cost exceeds $100 million only for the most
stringent regulatory alternative under the energy recovery option.
Furthermore, these annualized social costs are much lower than the
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annualized social cost of the three stringency levels under the flare
option. Specifically, the annualized social cost of the 100 Mg stringency
level under the energy recovery option ($68 million) is just one-fourth of
the annualized social cost of this same stringency level under the flare
option ($297 million).

8.4.2 Section 111(b) Standards

The §111(b) Standards apply to landfills constructed and opened after
1992 when the regulation takes effect. In our case, we assume these new
landfills are replacing other landfills that closed. Specifically, we
assume that every landfill that closes after 1992 is replaced by an identi-
cal landfill serving the same area.

8.4.2.1 Flare Option. Of 944 new landfills nationwide, there are 41
affected by the flare option at the 250 Mg stringency level, 104 affected
by the flare option at the 100 Mg stringency level, and 247 affected by the
flare option at the 25 Mg stringency level. Tables 8-16 through 8-18
provide information on these affected landfills.

Table 8-16 shows the number of affected new landfills, along with the
number of such landfills which are privately owned. As with the closed/
existing landfills, privately owned new landfills will need to recapture
the costs of compliance with the regulation while they are still accepting
MSW. At the 25 Mg level of stringency, 51 of the affected landfills are
privately owned, 24 are privately owned at the 100 Mg stringency level,
while 14 are privately owned at the 250 Mg stringency level. Table 8-16
also shows a frequency distribution of affected new landfills by design
capacity. At the most stringent 25 Mg cutoff level the majority of
affected landfills have less than 5 mi]lion'Mg of capacity, while at the
less stringent levels of control the majority are larger.

Table 8-17 depicts the length of control periods for affected new
Tandfills. Again, the landfills must operate the emissions controls for as
long as their emissions exceed the selected cutoff level. The year when
 controls must begin varies from landfill to landfill; the length of time
during which controls must be operated also varies from landfill to
landfill, and so, therefore, does the date when controls may be removed.
While some landfills must keep controls in place for as long as 124 years,
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the average length of control period is about 60 years for the 250 Mg and
100 Mg stringency levels, and 74 years for the 25 Mg stringency level.
Table 8-17 also shows that the more stringent the level of control, the
higher the proportion of landfills that will incur long periods of control.

_ Tab]e'8-18 shows the average length of control period prior to closure
for affected new landfills, and a frequency distribution of affected land-
fills by length of control prior to closure. In general, most affected new
landfills need not begin controlling emissions until fairly close to their
closure date. The average length of time between beginning controls and
closure is 13 or 14 years. At the 25 Mg stringency level, 14% of affected
landfills will have only 5 years or less of controls before closure, while
16% will have 5 years or less at the 100 Mg stringency level. Finally, 17%
will have 5 years or less at the 250 Mg level.

Table 8-19 provides another measure of the severity of impacts on
landfill owners from the regulatory alternatives under consideration. It
describes the net present value of enterprise costs for affected new
landfills. As discussed above, the streams of capital and operating costs
incurred by the landfill owners over time are discounted to their present
value in order to compare one landfill's costs to another's. To reflect
the differences in the cost of capital for private and public landfill
owners, different discount rates are used in the discounting process:
costs for publicly owned landfills are discounted using a 4% rate, while
the costs for privately owned landfills are discounted using an 8% rate.
The net present value of capital costs and the net present value of oper-
ating costs are summed for each landfill, which yields the total net pres-
ent value of enterprise costs. These costs are summed across landfills to
estimate the aggregate (nationwide) net present value of enterprise costs.

Table 8-19 shows that the 247 new landfills affected by the 25 Mg
level of control have total enterprise costs of $641 million, while the 104
new landfills affected by the 100 Mg level of stringency have an aggregate
net present value of enterprise costs of $407 million, and the 41 new land-
fills affected by the 250 Mg stringency level have aggregate net present
value of enterprise costs of $249 million. Although some landfills have a
NPV of enterprise costs as high as $22 million at each stringency level,
the average NPV enterprise costs per landfill are much lower. While the
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‘aggregate NPV enterprise costs are highest at the 25 Mg stringency level,
the average NPV enterprise cost per facility for this level, $2.60 million,
is lower than for the other two stringency levels, because so many more
landfills with Tower costs are affected by the 25 Mg stringency level. At
the 100 Mg stringency level, the average NPV enterprise cost pér facility
is $3.92 million, while the average NPV enterprise cost per facility is
$6.07 million at the 250 Mg stringency level.

The frequency distribution of affected new landfills by NPV of enter-
prise costs in Table 8-19 indicates that a higher proportion of affected
landfills under the more stringent control alternatives experience-a rela-
tively low NPV of enterprise costs. For example, under the 25 Mg strin-
gency level, one-third of affected facilities have a NPV of enterprise
costs of $1 million or less. Under the 100 Mg stringency level, one-sixth
have a NPV of enterprise costs of $1 million or less, and only 10% have a
NPV of enterprise costs of $1 million or less under the 250 Mg stringency
level, |

Annualizing enterprise costs is another way of using these costs to
assess impacts on landfill owners. The NPVs of enterprise costs for
publicly owned landfills are annualized using a 4% rate of interest over
the period of time during which the controls will be in place. For
pfivate]y owned landfills, we annualize enterprise costs using an 8% rate
of interest during the active operating-life of the landfill, since
privately owned landfills will not be able to recapture the costs of
compliance after they close. We then divide these annualized enterprise
costs by the reported quantity of waste that the landfills accepted in
1986.

' The first line in Table 8-20 shows the national annualized enterprise
cost per Mg of MSW accepted by affected new landfills for each stringency
level. This is computed by summing the annualized enterprise cost for all
affected landfills at a stringency level, and then dividing by the total
MSW accepted by all those landfills. The national annualized cost per Mg
of MSW accepted is less than $1.00 per Mg for all stringency levels. At
the 250 Mg stringency level, the national cost is $0.46 per Mg. As the
stringency increases to the 100 Mg level, the national annualized cost
increases to $0.48 per Mg of MSW. At the most stringent 25 Mg cutoff
level, the national annualized cost rises to $0.60 per Mg of MSW accepted.
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Table 8-20 also has a frequency distribution of affected landfills by
the annualized enterprise cost per Mg of MSW accepted. This distribution
reveals that, the higher the stringency level, the higher the proportion of
affected landfills incurring annualized costs greater than $1.00 per Mg of
MSW accepted. At the least stringent 250 Mg cutoff level, only one-quarter
~of the 41 affected landfills have costs of $1.00 per Mg or higher, and no
affected landfill experiences annualized costs exceeding $1.15 per Mg. At
the 100 Mg stringency level, however, over one-third of the 104 affected
landfills have annualized costs at least as high as $1.00 per Mg; at this
stringency level, the maximum annualized cost is $1.89 per Mg of MSW.
Finally, at the most stringent 25 Mg level, almost half of the 247 affected
landfills have annualized costs of $1.00 per Mg or higher, and at least two
landfills have annualized costs of $5.88 per Mg.

Table 8-21 assesses the potential impact of the regulatory alterna-
tives on the households that will be served by these new landfills based on
the annualized enterprise cost per household. We compute the overall
annualized enterprise cost per household by summing the annualized enter-
prise costs for each affected landfill under each stringency level, and
then we divide the summed annualized enterprise costs by the estimated
number of households served by the affected landfills. The national cost
per household varies from $2.69 at the 250 Mg stringency level to $2.78 at
the 100 Mg stringency level to $3.48 at-the 25 Mg stringency level.

As we found for closed/existing landfills, the 25 Mg stringency level
has the highest proportion of affected new landfills incurring relatively
high costs per household. At that stringency level, over three-fourths of
the 247 affected landfills incur costs of $3.00 per household or more. At
the 250 Mg stringency level, the proportion of landfills incurring costs of
more than $3.00 per household falls to about one-half. At the 100 Mg
stringency level, the proportion of affected landfills incurring costs per
household as high as $3.00 is lowest of all—only 7% of the 104 affected
landfills have costs that high.

Another way of assessing the possible impact of the regulatory alter-
natives under consideration is to examine the net present value (NPV) of
social costs resulting from each possible stringency level (see Table
8-22). As with the NPV of enterprise costs, the aggregate total NPV of
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social costs increases as the level of stringency increases. At the most
stringent 25 Mg cutoff level, the aggregate total NPV of social costs, $1.4
billion, is more than twice the aggregate total NPV of social costs at the
250 Mg level, $562 million. The aggregate total NPV of social costs at the
100 Mg Tevel, $896 million, lies between the cost of the other'stringency
levels. Also following the pattern demonstrated by the enterprise costs,
the number of affected landfills increases substantially as the stringency
level increases, and the average NPV of social costs per landfill decreases
as the level of stringency increases. While some landfills have NPV of
social costs as high as $51 million, the average NPV of social costs per
affected landfill ranges from $13.7 million at the 250 Mg stringency level,
to $8.63 million at the 100 Mg stringency level, to $5.68 million at the 25
Mg stringency level. Finally, the frequency distribution in Table 8-22
shows, in a different manner than the averages, that the smaller number of
affected landfills at the lower stringency levels have a higher NPV of
social costs per landfill.

Our last measure of the cost to society of the §111(b) regulatory
alternatives under consideration is the annualized net present value of
social costs. As explained above, we annualized the net present value of
the social cost for each affected landfill over the years from 1992 to the
end of the landfill's control period using a 3% discount rate, and then we
summed these individual annualized values to get the total annualized
social cost. The resulting total annualized social cost for affected new
landfills for each stringency level is:

. $45 million for the 25 Mg stringency level
. $30 million for the 100 Mg stringency level
. $19 million for the 250 Mg stringency level.

As expected, the least stringent regulatory alternative (the 250 Mg
stringency level) has the lowest annualized social cost, while the most
stringent regulatory alternative (the 25 Mg stringency level) has the
highest annualized social cost.

Up to this point, we have assumed that the §111(b) regulatory alterna-
tives under consideration will not affect the quantity of MSW going to new
landfills. Actually, landfill emissions controls will increase the cost of
landfilling relative to other MSW disposal options (i.e., incineration),
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which will provide an incentive for some substitution among disposal
~technologies. In other words, increases in landfill costs attributable to
§111(b) controls will cause a shift in MSW flows away from landfills and
towards MWCs. However, EPA is also considering other reqgulations affecting
both landfills and MWCs, as éxplained in Section 8.2. The net effect of
all these regulations on MSW flows is not clear.

To help determine the possible effects on MSW flows of various EPA
regulations under consideration, developed an econometric model of the
actual choices made by communities between 1980 and 1986 with respect to
building either a new landfill or a new MWC.141 This mode] estimates the
share of MSW going to landfills and MWCs based on disposal costs and the
socioeconomic characteristics of communities. By adding the estimated
control costs associated with various landfill and MWC regulations to
landfill and MWC disposal costs, respectively, the model predicts changes
in MSW flows attributable to the regulations.

Table 8-23 presents the results of applying the Bentley/Sp1tz mode]|
incrementally to three EPA regulations: the Subtitle D controls under the
Resource Conservation and Recovery Act, the CAA §111(b) controls applying
to MWCs, and the CAA §111(b) controls applying to landfills. Under
baseline conditions, about 72% of MSW goes to landfills. In other words,
the choices that communities make regarding building new MWCs and landfills
result in 72% of their MSW going to landfills and 28% going to MWCs in the
absence of any new EPA regulations. The Subtitle D controls will increase
the cost of landfilling, which will cause more communities to choose the
MWC disposal technology. However, the CAA §111(b) controls under
consideration for MWCs will substantially increase the costs of this
disposal technology, which will result in a large shift in MSW flows
towards landfills according to the Bentley/Spitz model. Finally, the CAA
§111(b) controls under consideration for landfills will increase land-
filling disposal costs slightly, so these controls will only result in a
very small shift in MSW flows towards MWCs.*

*As indicated in Table 8-20, the annualized enterprise control cost
per Mg of MSW for affected new landfills is $0.48 under the 100 Mg strin-
gency level. In contrast, the annualized enterprise control cost per Mg of
MSW for affected new MWCs is $9.65 for Regulatory Alternative IV under
Scenario 111.142 This supports the conclusion that the impact of the
landfill emissions controls on MSW flows will be much smaller than the
impact of the MWC emissions controls.
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Overall, the three requlations will increase MSW flows to landfills
about 6 percentage points (i.e., from 72% to 78%). These results suggest
that some increase in MSW acceptance rates at new landfills is appropriate
for estimating the costs of the §111(b) regulatory alternatives under
consideration for landfills. However,. the three assumptions (discussed in
Section 8.3) producing high MSW acceptance rates in the costing model in
Chapter 7 probably still lead to overestimates of the costs of these
regulatory alternatives. _

8.4.2.2 Energy Recovery Option. Under the energy recovery option,
the landfill owners are allowed to either combust their emissions or
control them as part of energy recovery, depending upon which approach is
least costly for them. Undoubtedly, some landfills will find energy
recovery not only less costly than flares, but actually profitable. We
assume that the owners of such landfills would install energy recovery
systems even in the absence of the emissions control regulation. There-
fore, we do not attribute either the emissions reductions or the costs of
these energy recovery systems to the reqgulatory alternatives under consid-
eration. We limit our analysis, therefore, to those landfills for which
‘the costs of installing and operating emissions controls of either type
will be positive. Appendix F has the tables on the affected new landfills
having positive energy recovery costs.

By eliminating landfills that profit from energy recovery, the §111(b)
regulatory alternatives affect far fewer new landfills. Table F-8 shows
that the number of affected new landfills varies from 10 under the least
stringent 250 Mg level of control, to 39 under the 100 Mg stringency level,
and 140 under the 25 Mg stringency level. Additionally, the frequency
distribution of affected new landfills by design capacity reveals that no
small landfills (1 million Mg or less) are affected by the 100 Mg and 250
Mg stringency levels under the energy control option. As discussed above,
privately owned landfills may have less flexibility in paying for emissions
controls, because they must recapture the costs of these controls through
increased user fees while the landfill is still accepting MSW. Under the
250 Mg and 100 Mg stringency levels, none of the affected landfills are
privately owned. Under the 25 Mg stringency level, however, there are 34
privately owned landfills, which is almost one-quarter of the affected new
landfills.




Table F-9 shows the length of the control period for affected new
landfills with positive energy recovery costs. The average length of the
control period ranges from 56 years for the 100 Mg stringency level to 75
years for the 250 Mg stringency level. The average length of the control
period for the 25 Mg and 100 Mg stringency levels is slightly below the
average length of the control period for these stringency levels under the
flare option (see Table 8-17). However, the average 1ength'of the control
period under the 250 Mg stringency level increases under the energy
recovery option, despite no affected landfills having a contro] period in
excess of 100 years at this stringency level.

Another measure of the potential impacts from the regulatory alterna-
tives is the length of time after controls begin and before closure of the
landfill. If the landfill is still accepting MSW, its owners can attempt
to increase user fees to recapture some of the costs of compliance. Table
F-10 shows the length of control period prior to closure. While there are
many fewer affected landfills when landfills that profit from energy
recovery are eliminated, the length of control period prior to closure is
slightly shorter for the landfills with positive energy recovery costs.
Comparing Table F-10 with Table 8-18 reveals that the landfills with posi-
tive energy recovery costs have shorter periods of time prior to closure
when compared with all affected new landfills under the flare option. Both
the average length of control period prior to closure and the distribution
of affected landfills by length of control period prior to closure at all
three stringency levels demonstrate the difference. Under the flare
option, between 14% and 17% of affected new landfills close within five
years of implementing emissions controls: alternatively, between 18% and
30% of affected new landfills with positive energy recovery costs close
within five years of implementing emissions controls.

To assess the impact of the regulatory alternatives on the owners of
affected new landfills under the energy recovery option, we compute the net
present value (NPV) of enterprise costs under the flare option and the
energy recovery option, omitting landfills that would profit from energy
recovery. Then, we assume that the landfill owner will choose the least
costly of the control options. To compute the national values at the top
of Table F-11, we aggregate the NPV of capital and operating costs for
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affected landfills for each stringency level. %hen we sum the energy
recovery revenues for the landfills that select the-energy recovery option
for each stringency level. Finally, we calculate the total aggregate NPV
of enterprise costs by adding the Capital and operating sums and subtract-
- ing the revenue sum. At the 250 Mg stringency level, this total equals
about $18 million, or an average of $1.83 million for each of the affected
new landfills. At the 100 Mg stringency level, the total aggregate NPV of
enterprise costs is $63 million, or an average of $1.61 million for each of
the affected landfills at that level. Finally, at the 25 Mg stringency
level, the total NPV of enterprise costs is $150 million, which averages
$1.07 million for each of the affected landfills.

Table F-11 has a frequency distribution of affected new landfills by
NPV of enterprise costs. At the 250 Mg stringency level, all the affected
landfills experience NPV of enterprise costs between $500,000 and $2.2
million. At the 100 Mg stringency level, all the affected landfills have
NPV of enterprise costs between $500,000 and $3.5 million. Finally, NPV of
enterprise costs range from below $500,000 to $3.8 million at the 25 Mg
stringency level.

Another measure of the impacts of the regulatory alternatives on land-
fills is the annualized enterprise control cost per Mg of MSW accepted by
the landfill. Table F-12 shows the annualized enterprise costs for land-
fills with positive energy recovery costs when owners are allowed to select
the lTeast costly means of achieving emission reductions, either using
flares or using energy recovery. At each stringency level, the annualized
cost per Mg of MSW is less than $1.00. At the 250 Mg stringency level the
‘overall annualized cost is only $0.59 per Mg. It is $0.92 per Mg at the
100 Mg stringency level, and it is $0.95 per Mg at the 25 Mg stringency
level. These national annualized costs per Mg of MSW are between 28% and
92% higher than the national annualized costs per Mg of MSW under the flare
option, because many of the Tow cost per Mg Tandfills under the flare
option are omitted from the affected landfills under the assumptions of the
enerqgy recovery option.

The frequency distribution of affected new landfills by annualized
enterprise control costs per Mg of MSW in Table F-12 shows that all the
affected landfills have annualized costs between $0.50 and $3.00 per Mg for
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the 100 Mg and 250 Mg stringency levels. The maximum anntalized cost at
the 250 Mg stringency level is $1.08 per Mg, and the maximum at the 100 Mg
stringency level is $1.42 per Mg. At the 25 Mg stringency level, on the
other hand, affected landfills have unit costs ranging from below $0.25 per
Mg to $5.30 per Mg. Over one-quarter of the affected landfills under this
stringency level have annualized costs per Mg of $3.00 or higher.

To assess the possible impacts of the emissions control alternatives
on the households served by affected landfills, we computed the annualized
enterprise control costs per household. Table F-13 has these costs for
affected landfills with positive energy recovery costs when landfill owners
may choose either the flare option or the energy recovery option. At the
250 Mg stringency level, the national annualized cost is $3.41 per house-
hold. The annualized cost per household increases to $5.36 at the 100 Mg
stringency level, and the annualized cost per household is $5.53 at the 25
Mg stringency level. As was the case for annualized costs per Mg of MSW,
national annualized household costs under the energy recovery option are
higher than annualized household costs under the flare option for reasons
discussed above.

Table F-13 also contains a frequency distribution of affected new
landfills by the annualized cost per household. At the 250 Mg stringency
level, the 10 affected landfills have annualized costs between $1.50 and
$10.00 per household. At the 100 Mg stringency level, the 39 affected
landfills have annualized enterprise costs between $3.00 and $10.00 per
household. Finally, the 140 affected landfills at the 25 Mg stringency
level have annualized enterprise costs ranging from less than $0.75 per
household to more than $10.00 per household.

Table F-14 shows another means of measuring the cost of complying with
the emissions control regulations under the energy recovery option--the NPV
of social costs. The aggregate NPV of social costs falls almost 78% at the
25 Mg stringency level under-the energy recovery control option. At the
100 Mg stringency level, the aggregate NPV of social costs falls by 84%
under this option, and the aggregate NPV of social costs falls by about 90%
at the 250 Mg stringency Tevel compared to the costs under the flare
option. This decrease in the aggregate NPV of social costs is largely the
result of a reduction in the number of affected landfills. However, the
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~ average total social cost per affected landfill under the energy recovery
option is less than half the average total social cost per affected
landfill under the flare option for all three stringency levels.

To provide another perspectivé on the social cost of the §111(b)
regulatory alternatives under consideration, we calculated the annualized
social cost for the three stringency levels under the energy recovery
~option. These costs for the affected new landfills under the energy

recovery option are: '

. $10.5 million for the 25 Mg stringency level
. $4.3 million for the 100 Mg stringency level _
. $1.6 million for the 250 Mg stringency level.

- These annualized social costs are substantially lower than the annualized
social costs under the flare option. For example, the $4.3 million annual-
ized social cost for the 100 Mg stringency level under the energy recovery
option is just one-seventh of the $30.2 million annualized social cost for
the same stringency level under the flare option.

8.5 ANALYSIS OF EMISSIONS REDUCTIONS AND COST-EFFECTIVENESS

At the same time that we are considering the costs of complying with
the §111(d) and 111(b) regulatory alternatives under consideration, we must
also consider the cost-effectiveness of these alternatives. In this case
cost-effectiveness is measured as the annualized compliance cost per Mg of
reduction in the emission of nonmethane organic compounds (NMOCs). We
discuss compliance costs for each stringency level and each option in the
previous section. In this section, we examine both the emissions reduc-
tions and cost-effectiveness of the regulatory alternatives under consid-
eration for both closed/existing and new landfills under each of two
control options. We will first examine the emissions reductions and the
cost-effectiveness of the flare control option for closed and existing
landfills, Then we present the same two measures for these landfills under
the energy recovery option. Finally, we examine the emissions reductions
and cost-effectiveness of both control options for new landfills.
8.5.1 Section 111(d) Guidelines

As shown in Table 8-6 in Section 8.4, the number of closed and exist-
ing landfills affected by the §111(d) Guidelines under the flare control
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option ranges from 386 at the 250 Mg'stringency level to 853 at the 100 Mg
level to 1884 at the 25 Mg stringency level. As explained above, we omit
landfills that make a profit from energy recovery when analyzing the
impacts of the energy recovery option. So the number of closed and exist-
ing landfills affected by the guidelines under the energy recovery option
is lower: 77 under the 250 Mg stringency level, 325 under the 100 Mg
level, and 1024 under the 25 Mg level. '

8.5.1.1 Flare Option. Table 8-24 shows the emissions reductions
resulting from the three regulatory alternatives under the flare option.
Total undiscounted NMOC emissions reductions range from 24.1 million Mg at
the 250 Mg strindéncy level, to 28.6 million Mg at the 100 Mg stringency
level, to 33.2 million Mg at the 25 Mg stringency level. These emissions
reductions are spread over the period of time during which the affected
landfills are using the flare emission controls. In order to compare
emissions reductions with the costs from Section 8.4, we discount the NMOC
emissions reductions using a 3% rate of discount. The discounted NMOC
emissions reductions range from 9.6 million Mg at the 250 Mg stringency
level to 11.2 million Mg at the 100 Mg stringency level to 12.6 million Mg
at the 25 Mg stringency level. The average discounted NMOC emission reduc-
tion decreases as the stringency level increases, because the number of
affected landfills increases faster than the NMOC emissions reductions.
Thus, the average NMOC emission reduction per affected landfill is 24,966
Mg at the 250 Mg stringency level, 13,110 Mg at the 100 Mg stringency
level, and 6,674 Mg at the 25 Mg stringency level.

We combined these measures of NMOC emissions reductions with the dis-
counted NPV of social costs presented in Table 8-15 to estimate the cost-
effectiveness of the flare option for closed and existing landfills (see
Table 8-25). At the top of the table is the national cost-effectiveness of
each stringency level, computed by dividing the aggregate NPV of total
social cost by the total discounted NMOC emissions reduction. The national
cost-effectiveness of the flare option at the 250 Mg stringency level is
$407 per Mg of NMOC reduced. At the 100 Mg stringency level, the national
cost-effectiveness is $640 per Mg of NMOC reduced, and the national cost-

effectiveness is $927 per Mg of NMOC reduced at the most stringent 25 Mg
level.
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The frequency distribution of affected landfills by cost-effectiveness
demonstrates that as the stringency level decreases, an increasing propor-
tion of landfills has a cost-effectiveness under $1,000 per Mg of NMOC
reduced. At the 25 Mg stringency level, only 20% of affected landfills
have cost-effectiveness measures that low, while more than half of the
affected landfills fall below Si,OOO per Mg of NMOC at the 100 Mg strin-
gency level. Finally, three-fourths of the affected landfills have a cost-
effectiveness less than $1,000 per Mg of NMOC at the 250 Mg stringency
level. At the bottom of the table, incremental cost-effectiveness measures
the change in national cost-effectiveness experienced as the stringency
level increases first from 250 Mg to 100 Mg, and then from 100 Mg to 25 Mg.
As the stringency level increases from 250 Mg to 100 Mg, the incremental
cost-effectiveness is $2,097 per Mg of NMOC reduced. Moving from 100 Mg to
25 Mg results in an incremental cost effectiveness of $3,225 per Mg of NMOC
reduced.

8.5.1.2 Energy Recovery Option. Table F-15 presents the emissions
reductions resulting from the three regulatory alternatives under the
energy recovery option. Because so many landfills would find energy recov-
ery profitable, there are far fewer affected landfills under the energy
recovery option. Consequently, the total undiscounted NMOC emissions
reductions under this option are much less than under the flare option.
Specifically, total undiscounted NMOC emissions reductions range from 1.26
million Mg at the 250 Mg stringency level, to 3.06 million Mg at the 100 Mg
stringency level, to 5.81 million at the 25 Mg stringency level. These
emissions reductions are spread over the period of time during which land-
fills are operating the emission controls. In order to compare emissions
reductions with the costs from Section 8.4, we discount the NMOC emissions
reductions using a 3% rate of discount. The discounted NMOC emissions
reductions range from 0.59 million Mg at the 250 Mg stringency level to
1.15 million Mg at the 100 Mg stringency level to 2.04 million Mg at the 25
Mg stringency level. The average discounted NMOC emission reduction
decreases as the stringency level increases, because the number of affected
landfills increases faster than the NMOC emissions reductions. Thus, the
average NMOC emission reduction per affected landfill is 7,560 Mg at the
250 Mg stringency 1eve],'3,546 Mg at the 100 Mg stringency level, and 1,993
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Mg at the 25 Mg stringency level. The averages are less than one-third of
the average NMOC emission reductions under the flare option.

Table F-16 shows the social cost-effectiveness of the energy recovery
option. The national cost-effectiveness measures are higher at each level
of stringency than the cost-effectiveness of the stringency levels under
the flare option, with the greatest increase occurring at the 25 Mg strin-
gency level. The frequency distribution of affected landfills by cost-
effectiveness under the energy recovery option shows that the affected
landfills are concentrated in the lower cost-effectiveness categories at
the less stringent levels of control. As under the flare option, the
degree of concentration increases as the level of stringency decreases. At
the 25 Mg stringency level, only 15% of affected landfills have a cost-
effectiveness under $1,000 per Mg of NMOC reduced. At the 100 Mg level,
58% fall below $1,000 per Mg of NMOC, and 88% fall below $1,000 per Mg of
NMOC at the 250 Mg level. Also displaying a similar pattern to the flare
option, the incremental cost-effectiveness increases as the level of
stringency increases, although the measures of incrementa) cost-
effectiveness are much lower at each level of stringency than under the
flare option.

8.5.2 Section 111(b) Standards

New landfills will be regulated under the §111(b) Standards. We
present measures of emissions reductions and cost-effectiveness for
affected new landfills under each control option in this section.

8.5.2.1 Flare Option. Under the flare control option, the number of
affected new landfills ranges from 41 at the 250 Mg stringency level, to
104 at the 100 Mg stringency level, to 247 at the 25 Mg stringency level.
Table 8-26 shows the emissions reductions for new landfills under this
control option. The first line shows the total undiscounted NMOC emissions
reductions at each stringency level. These measures, showing the total
emissions reductions achieved throughout .the control period for all
affected new landfills, ranges from 1.74 million Mg at the 250 Mg strin-
gency level, to 2.33 million Mg at the 100 Mg stringency level, to 2.93
million Mg at the 25 Mg stringency level.

In order to compare emissions reductions between landfills when the
emissions reductions occur at different times at different landfills, we
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discount the NMOC emissions reductions using a 3% rate of discount. This

discounted NMOC emission reduction, when summed across all affected land-

fills, ranges from 0.63 million Mg at the 250 Mg stringency level to 0.83

million Mg at the 100 Mg stringency level and 0.99 million Mg at the 25 Mg
‘stringency level.

The average discounted NMOC emission reduction per affected landfill
is much higher at the 250 Mg stringency level than at the 25 Mg stringency
level because the number of affected landfills falls faster than discounted
NMOC reduction as the stringency level decreases. At the 250 Mg stringency
level, the average discounted NMOC emission reduction is 15,278 Mg of NMOC,
more than three times the average discounted NMOC emission reduction per
landfill at the 25 Mg stringency level (4,015 Mg of NMOC). At the 100 Mg
stringency level, the average discounted NMOC emission reduction, 7,983 Mg
of NMOC per affected landfill, falls between the average emission reduction
values of the other two stringency levels. The frequency distribution of
affected new landfills by discounted NMOC emission reduction shows that the
proportion of landfills achieving relatively greater NMOC emissions
reductions increases as the stringency level decreases.

We can construct cost-effectiveness measures for affected new land-
fills by combining information about emission reduction with information
about the NPV of social costs in Table 8-22. Specifically, we estimate
national cost-effectiveness by dividing the total social cost by the total
discounted emission reduction for each stringency stringency level. As
shown in Table 8-27 this value ranges from $897 per Mg of NMOC reduced at
the 250 Mg stringency level, to $1,081 per Mg of NMOC at the 100 Mg level,
to $1,416 per Mg of NMOC at the 25 Mg stringency level. The frequency
distribution demonstrates that, as with closed/existing landfills, the
proportion of affected new landfills having cost-effectiveness measures
lTess than $1000 per Mg of NMOC increases as the degree of stringency
decreases. At the 25 Mg stringency level, only 13% of landfills have a
cost-effectiveness under $1,000 per Mg of NMOC, while at the 100 Mg
stringency level, 44% have a cost-effectiveness of $1,000 per Mg or less.
At the 250 Mg stringency level, 59% of affected landfills have a cost-
effectiveness under $1,000 per Mg.
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The last line of Table 8-27 shows incremental cost-effectiveness--
i.e., the change in cost-effectiveness experienced as one moves from the
250 Mg stringency level to the 100 Mg level, and then from the 100 Mg
stringency level to the 25 Mg stringency level. As the stringency level
increases from 250 Mg to 100 Mg, the incremental cost-effectiveness is
$1,648 per Mg of NMOC reduced. The incremental cost-effectiveness of
moving from the IOO'Mg stringency level to the 25 Mg stringency level is
$3,136 per Mg of NMOC reduced.

8.5.2.2 Energy Recovery Option. Table F-17 presents the emissions
reductions for affected new landfills with positive energy recovery costs.
The undiscounted NMOC emission reduction for each stringency level ranges
from 0.25 million Mg of NMOC reduced at the 250 Mg stringency level, to
- 0.49 million Mg of NMOC reduced at the 100 Mg stringency level, to (.83
million Mg at the 25 Mg stringency level. The discounted NMOC emissions
reductions range from 0.06 million Mg at the 250 Mg stringency level to
0.25 million Mg at the 25 Mg sfringency Tevel. As the level of stringency
decreases, the average discounted NMOC emission reduction per affected new
landfill increases, because the number of affected landfills falls more
rapidly than the discounted NMOC emissions reductions. At the 25 Mg strin-
gency level, the average discbunted NMOC emission reduction per affected
landfill is 1,765 Mg. At the 100 Mg stringency level, the average dis-
counted emission reduction is 3,818 Mg per affected landfill, while the
average discounted NMOC emission reduction per affected landfill rises to
6,680 Mg per affected landfill at the 250 Mg stringency level. Again, the
smaller number of landfills affected at the 250 Mg stringency level experi-
ence greater emissions reductions on average. The frequency distribution
of affected landfills by discounted NMOC emission reduction per affected
landfill (at the bottom of Table F-17) supports this consideration.

Table F-18 shows the cost-effectiveness of the three stringency levels

for the energy recovery control option for affected new landfills. The -
national cost-effectiveness of each stringency level varies from $891 per
Mg of NMOC reduced at the 250 Mg stringency level to $963 per Mg of NMOC
reduced at the 100 Mg level, to $1,244 per Mg of NMOC reduced at the 25 Mg
stringency level. These national cost-effectiveness measures are lower
than the cost-effectiveness of the stringency levels under the flare
option.
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The frequency distribution in Table F-18 demonstrates that the propor-
tion of affected landfills experiencing a cost-effectiveness of $1,000 per
Mg of NMOC reduced or less, increases substantially as the level of strin-
gency decreases. At the 25 Mg stringency level, only one-sixth of affected
new 1andfills have a cost-effectiveness of $1,000 per Mg of NMOC or ‘ass,
while 38% are below that level of cost-effectiveness at the 100 Mg strin-
gency level. At the 250 Mg stringéncy level, 70% of the affected new land-
fills have a cost-effectiveness under §1,000 per Mg of NMOC reduced.

Finally, at the bottom of Table F-18, incremental cost-effectiveness
is $870 per Mg of NMOC reduced as the stringency level increases from 250
Mg to 100 Mg. Moving from the 100 Mg stringency level to the 25 Mg
stringency level results in an incremental cost-effectiveness of $1,661 per
Mg of NMOC reduced. These incremental cost-effectiveness values are about
one-half of the corresponding incremental cost-effectiveness values under
the flare option.

8.6 ANALYSIS OF DISTRIBUTIONAL IMPACTS

The Regulatory Flexibility Act of 1980 requires federal agencies to
determine if regulations will have a "significant economic. impact on a
substantial number of small entitities." According to EPA guidelines,145
regulatory impacts are significant if:

. compliance costs.are greater than five percent of production
costs,

. compliance costs, as a percent of sales, are at least 10
percent higher for small entities than for other entities,

. capital costs of compliance are a significant portion of
available capital, or

. the regulation is likely to result in closures of small
entities.

The guidelines indicate that a "substantial number" of small entities is
"more than 20 percent of these (small entities)." Finally, the EPA
generally relies upon Small Business Administration guidelines for
identifying "small entities."146 However, the Regulatory Flexibilit. Act
defines small government jurisdictions as those having fewer than 50,000
people. Since over three-fourths of U.S. Tandfills are owned by government
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agencies, the potential impacts of the regulatory alternatives on small
governmental entities are very relevant.

As explained below, the §111(d) Guidelines and 111(b) Standards under
consideration will not affect a substantial number of small entities under
EPA guidelines. Consequently, regulatory flexibility analyses are not
required for these two rulemakings. Nevertheless, this section presents
some distributional impacts on households and government jurisdictions of
the flare option for the three stringency levels under considerztion for
the §111(d) Guidelines and 111(b) Standards. These distributional impacts
rety on household and governmental data developed by EPA's Office of Solid
Waste (OSW) for a landfills rulemaking under Subtitle D of the Resource
Conservation and Recovery Act (RCRA).

8.6.1 Section 111(d) Guidelines

As indicated earlier in Table 8-6, the 25, 100, and 250 Mg stringency
levels for the §111(d) Guidelines affect only 26%, 12%, and 5%, respec-
tively, of all the closed and existing landfills in the United States in
1992. Since most landfills are small (i.e., 1 million Mg of design
capacity or less), while the regulatory alternatives under consideration
affect mainly large landfills (i.e., landfills with a design capacity over
1 million Mg), it is very unlikely that any of the stringency levels will
affect more than 20 percent of the small landfills.=

To further investigate the impacts-of the 25, 100, and 250 Mg
stringency levels on small landfills, we analyzed the distribution of
affected closed and existing landfills by design capacity relative to the
total number of closed and existing landfiils in the same size categories.
A1l three stringency levels affect less than 10 percent of the closed and

* Lacking information on the size of governmental jurisdictions served
by most landfills, we assume that small landfills serve small municipal-
ities. This assumption is reasonable for two reasons. First, it is very
unlikely that small municipalities will have large landfills, given the
high cost of developing and operating large landfills. Second, large
municipalities generate large amounts of solid waste, which requires a
large amount of disposal capacity. Because of economies of scale in
langfill operations and the difficulty of siting landfills, large munici-
palities will probably not be served by several small landfilis. However,
some large municipalities may be served by a municipal waste incinerator
and a small Tandfill. In such cases, impacts on small landfills will not
necessarily imply impacts on small municipalities. ‘
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existing landfills having a design capacity of 1 million Mg or less. While
the 100 Mg stringency level affects 12% of the closed and existing land-
fills in total, it affects less than 4% of the closed and existing small
landfills (i.e., landfills with 1 million Mg of design capacity or less).
In conclusion, the §111(d) Guidelines do not require a Regulatory
Flexibility Analysis, because they do not affect a significant number of
small entities.

Although a Regulatory Flexibility Analysis is not required by the
§111(d) Guidelines, we examine some distributional impacts of the various
stringency levels under consideration. As indicated previously, these
distributional impacts rely on household and governmental data developed by
EPA's OSW for a landfills rulemaking under Subtitle D of RCRA. These data
were available for only a subset of the affected closed and existing
landfills for the three stringency levels under consideration for the
§111(d) Guidelines.* The specific distributional impacts examined for the
subset of affected landfills are:

. population of the service area
. annualized control costs per household

. annualized control costs as a percentage of annual local
taxes paid by households

. net present value of capital costs as a percentage of net
municipal debt (for publicly owned landfills).

The first measure (i.e., population of the service area) shows the number
. of people served by the affected landfills. This provides information on
the size of the communities affected by the regulatory alternatives under
‘consideration. The second measure reflects the potential annual cost of
the controls to the households served by the affected landfills. The third

*The affected closed and existing landfills for which OSW data are
available are generally smaller (in terms of design capacity, refuse in
place in 1987, and the amount of MSW received in 1986) than the other
affected landfills. In fact, the size difference is statistically signifi-
cant for the affected landfills under the 25 Mg stringency level according
to Student-t tests on design capacity and refuse in place. The size
differences between the affected closed and existing landfills for which
OSW data are available and the other affected landfills are not statis-
tically significant under the 100 Mg and 250 Mg stringency levels.
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measure examines the relative impact of the controls on households, by
comparing annual control costs to households' annual local tax "burden."
Finally, the fourth measure provides some information on the relative size
of the capital costs of the regulatory alternatives under consideration for
the affected municipalities.

Table 8-28 shows the population of the service area for the subset of
affected closed and existing landfills. Approximately half of the affected
landfills serve between 10,000 and 50,000 people under all three stringency
levels. In general, as the stringency level increases, more landfills
serving smaller communities are affected, as indicated by the changes in
the distribution of affected landfills by the service area population.
About one-fifth of the affected landfills at the 100 Mg stringency level
serve 10,000 people or less, while another one-fifth serve 10,000 to 25,000
people.

The households served by more than two-thirds of the subset of
affected closed and existing landfills incur less than $25 per year in

control costs under all three stringency levels (see Table 8-29). The
~ households served by 18% of the affected landfills incur more than $50 per
year in control costs under the 100 Mg stringency level.* Nevertheless,
the national average control cost per household is just $13 for the 100 Mg
stringency level.

To further investigate the potential household impacts of the emis-
sions controls under consideration, Table 8-30 shows annualized control
costs as a percentage of local taxes paid by households in the service area
of the subset of affected closed and existing landfills. The national
average control cost as a percentage of local taxes paid by households is
under 1.3% for all three stringency levels. Control costs as a percentage
of local taxes paid are less than or equal to 1% for households served by
40% of the affected landfills at the 100 Mg stringency level. At the other

*The number of households in the service areas of these landfills is
low compared to the amount of MSW going into the landfills. In other
words, the amount of waste going into the landfills in these areas implies
a greater number of households based on the typical amount of MSW generated
by households. So the relatively high household costs for these affected
landfills are a result of overestimated control costs stemming from over-

estimated MSW acceptance rates and/or underestimated numbers of households
served by these Tandfills.
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extreme, control costs exceed 10% of local taxes paid for households served
by one-ninth of the affected landfills under this same stringency level.*

As a final measure of the distributional impact of the §111(d)
regulatory alternatives under consideration, Table 8-31 examines the net
present value of capital costs as a percentage of net municipal debt for a
subset of affected publicly owned closed and existing landfills. Overall,
the capital costs of the three stringency levels under consideration repre-
sent less than 2.5% of the net debt of municipalities served by publicly
owned closed and existing landfills. Capital costs are less than or equal
to 5% of municipal debt for the municipalities served by over six-tenths of
affected landfills under the 100 Mg stringency level. However, capital
costs are more than double the net municipal debt for the municipalities
served by about 2% of the affected landfills at this stringency level.t

In conclusion, the distributional impacts of the §111(d) regulatory
alternatives are very low overall for the subset of affected closed and
existing landfills. Costs per household in absolute and relative terms are
low for the households served by most affected landfills. Similarly, the
capital costs of the alternatives under consideration are also low relative
to net municipal debt.
8.6.2 Section 111(b) Standards

Table 8-16 in Sec. 8.4.2 indicates that the 25, 100, and 250 Mg
stringency levels for the §111(b) Standards affect only 26%, 11%, and 4%,
respectively, of all the new landfills in the United States between 1992

*The landfills having control costs in excess of 10% of local taxes
paid by households are the same landfills having relatively high control
costs per household. As explained above, the relatively high annualized
costs as a percentage of local taxes are attributable to overestimated
contro) costs resulting from overestimated MSW acceptance rates and/or
underestimated Jocal taxes as a result of underestimated numbers of
households served by these Tandfills.

*The seven landfills in this category at the 100 Mg stringency level
are the result of scaling the estimated capital costs of emissions controls
as a percentage of net municipal debt at one landfill in the database.

This landfill has an extremely high MSW acceptance rate relative to the
number of households it serves. Thus, its high capital costs as a
percentage of net municipal debt is probably attributable to overestimated
capital costs as a result of an overestimated MSW acceptance rate and/or an
underestimate of net municipal debt as a result of an underestimate of the
number of municipalities served by this landfill.
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and 1997. Since the total number of affected new landfills is relatively
small, it is very unlikely that any of the stringency levels will affect
more than 20% of the small landfills for the reasons described in Section
8.6.1. We confirmed this tentative conclusion with an analysis of the
distribution of affected new landfills by their design capacity relative to
the total number of new landfills in the same size categories. Thus, the
§111(b) Standards under consideration do not require a Regulatory Flexi-
bility Analysis, because they do not affect a significant number of small
entities.

Although a Regulatory Flexibility Analysis is not required for the
§111(b) Standards under consideration, we examine the distributional
_ impacts of the various stringency levels for a subset of the affected new
landfills (i.e., those landfills for which OSW developed household and
governmental data for a landfills rulemaking under Subtitle D of RCRA).*
These distributional impacts are:

. population of the service area
. annualized control costs per household

. annualized control costs as a percentage of annual local
taxes paid by households

. net present value of capital costs as a percentage of net
municipal debt (for publicly owned landfills).
We examined these same distributional impacts for the §111(d) regulatory
alternatives in Section 8.6.1.

Table 8-32 presents the population of the service area for the subset
of affected new landfills. While a third of the affected new landfills for
the 25 Mg stringency level serve 10,000 people or less, none of the
affected Tandfills under the other stringency levels serve such small
communities. In general, the 25 Mg stringency level affects smaller
communities than the 100 and 250 Mg alternatives. More than two-thirds of

*As observed for the closed/existing landfills, the affected new
landfills for which OSW data are available are generally smaller than the
other affected landfills. However, Student-t tests revealed no significant
size differences for any of the stringency levels under consideration.
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the affected landfills under the 100 Mg stringency level serve communities
with 10,000 to 50,000 people.

The national average annualized cost per household for the subset of
affected new landfills is below $11 for all three stringency levels (see
Table 8-33). As the stringency level decreases, the national average
annualized household cost also decreases. Over half the affected landfills
under the 100 Mg stringency level have annualized costs per household of
$25 or less. However, annualized household costs exceed $50 for 16% of the
affected new landfills, ranging as high as $76 per household per year.*

Table 8-34 shows that the national average annualized enterprise cost
as a percent of local taxes paid by households is below 1% for the subset
of affected new landfills under all three stringency levels. Control costs
as a percent of local taxes are under 1% for the households served by
almost three-fourths of the affected landfills for the 100 Mg stringency
level. Only one-ninth of the affected landfills have control costs as a
percent of local taxes paid by households above 10%, with 15% being the
maximum.t

The final measure of the distributional impact of the §111(b)
Standards under consideration is the net present value of capital costs as
avpercentage of net municipal debt for a subset of affected, publicly
owned, new landfills. Table 8-35 shows that these capital costs are about
2% of net municipal debt as a national average for the affected new land-
fills. While over four-tenths of the affected new landfills have capital
costs under 1% of net municipal debt under the IOO'Mg stringency level, the

*The number of households served by landfills having annual household
costs above $25 at the 100 Mg stringency level is very low compared to the
amount of MSW going into these landfills. So the relatively high costs for
these landfills are a result of overestimated control costs caused by
overestimated MSW acceptance rates and/or underestimated numbers of house-
holds served by these landfills.

TThe seven landfills in this category at the 100 Mg stringency level
are the result of scaling the annualized costs as a percentage of local
taxes per household at one landfill in the database. This landfill has a
very low amount of local taxes per household (i.e., $105). Consequently,
its costs-compared-to-taxes percentage is reilatively high.
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capital costs for almost one-quarter of the affected new landfills under
this stringency level are more than 10% of net municipal debt.*

In summary, the distributional impacts of the §l111(b) regulatory
alternatives are very low overall for the subset of affected new landfills.
Costs per household in absdlute and relative terms are low for the house-
holds served by almost all the affected new landfills. Similarly, the
-capital costs of the regulatory alternatives under consideration are also
low relative to net municipal “debt. |

8.7 DISCOUNT RATE SENSITIVITY ANALYSIS

Section 8.4 analyzes the net present value of social costs for
affected landfills calculated using a two-stage discounting procedure.
First, we annualized capital costs over the control period using a 10%
discount rate. Then, we discounted the sum of annualized capital costs and
annual operating costs at 3% to obtain the net present value of social
costs. To investigate the sensitivity of capital costs, operating costs,
and total costs to changes in the discount rate, we recalculated social
costs using a single discount rate applied to both capital and operating
costs.
8.7.1 Section 111(d) Guidelines

Table 8-36 contains the net present value of social costs using a 3%
discount rate for affected closed and existing landfills for each §111(d)
regulatory alternative under consideration. The costs in this table show a
significant decrease in capital costs compared to the costs in Table 8-15
(net present value of social costs using two-stage discounting). Operating
costs are discounted using 3% in both cases, so there is no difference
between the operating costs presented in these tables. Table 8-37 shows
the effect of a 10% discount rate on the net present value of social cost.
This table shows a further reduction in capital costs as well as a

*The 10 landfills in this category at the 100 Mg stringency level are
the result of scaling the capital costs of two landfills in the database.
Both these landfills have extremely high MSW acceptance rates relative to
the number of households they serve. So their relatively high capital
costs compared to net municipal debt are probably attributable to
overestimated capital costs as a result of overestimated MSW acceptance
rates and/or an underestimate of net municipal debt as a result of an
underestimate of the number of municipalities served by these landfills.
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significant reduction in operating costs when compared with the two-stage
results. For the 100 Mg stringency level in particular, going from two-
stage to single-stage discounting using a 3% discount rate reduces the
average cost by 36%; using a 10% discount rate reduces the average cost by
69%.

We estimated annualized social costs by applying an annualization
factor to the net present value of total social costs. In all cases we
annualized social costs from 1992 to the end of each landfill's control
period. Table 8-38 compares costs calculated using two-stage discounting,
single-stage discounting at 3%, and single-stage discounting at 10% for
affected closed and existing landfills. As expected, two-stage discounting
results in higher costs than either of the single-stage calculations.
However, annualized costs calculated using a 3% discount rate are lower
than annualized costs calculated using a 10% discount rate because of the
- variable annualization period across affected landfills.

8.7.2 Section 111(b) Standards

Tables 8-39 and 8-40 contain the results of calculating the net
present value of social costs for affected new landfills using a 3% and 10%
discount rate, respectively. Comparing costs in Table 8-39 with those in
Table 8-22 (net present value of social costs using two-stage discounting)

shows a decrease in capital costs, but no change in operating costs. Table
8-40 shows a further reduction in capital costs as well as a significant
‘reduction in operating costs when compared with the two-stage results. For
the 100 Mg stringency level in particular, going from two-stage to single-
stage discounting using 3% reduces the average cost by 37%; using a 10%
discount rate reduces the average cost by 83%.

Table 8-41 compares annualized social costs for affected new landfills
using different discount rates. As expected, two-stage discounting results
in higher costs than the single-stage discounting. Unlike the results for
affected closed/existing landfills, the singfe-stage annualized costs for
affected new landfills follow the same pattern as the net present value of
costs. That is, annualized costs calculated using a 3% discount rate are
higher than those calculated using a 10% discount rate.
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8.8 SUMMARY AND CONCLUSIONS

we focused our economic analysis on the flare option for controlling
NMOC emissions from closed/existing and new landfills, although we also
presented results for a cost-minimizing energy recovery option for the
subset of affected landfills having positive energy recovery costs. The
flare option assumes that all affected landfills will control NMOC emis-

"sions using flares, which overestimates the actual cost of the regulatory
alternatives because some landfills will choose a cheaper energy recovery
option. As explained in Section 8.3, our energy recovery option under-
estimates the costs of the regulatory alternatives at some landfills and
overestimates compliance costs at other landfills, with the aggregate
effect being unknown. Although EPA emissions controls will increase the
likelihood that landfills will select an energy recovery option, there is
no way to accurately predict which affected closed/existing and new
landfills will actually select this option.

As discussed in Section 8.3, two features of the costing model
presented in Chapter 7 are noteworthy for the economic analysis. First,
the mode]l assumes that landfills that close between 1987 and 1997 are
replaced by an identical landfill serving the same area, while recent
evidence indicates that the number of U.S. landfills is actually declining.
The model also uses relatively high MSW acceptance rates, which is an
important parameter in determining NMOC emissions rates and the cost of
emissions controls. These features lead to overestimates of the number of
affected landfills, compliance costs, and emissions reductions.

In summary, the actual economic impacts of the §111(d) and 111(b)
regulatory alternatives under consideration are probably less than the
economic impacts presented in this chapter. Nevertheless, our analysis of
these regulatory alternatives leads to several specific conclusions:

*  The regulatory alternatives will affect only a small fraction of

the closed/existing and new landfills (generally less than 15%),
and most of the affected landfills are relatively large.

. The number of affected closed, private landfills, which have no
way of generating revenues to cover compliance costs, is small
under the flare option and even smaller under the energy recovery
option.
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Most control periods are relatively long under the various
stringency levels and control options, with most of the control
period coming after the closure of affected landfills.

The national net present value of enterprise costs decreases
substantially as the stringency level decreases under both
control options for affected closed/existing and new landfills,
but the average enterprise cost rises as the stringency level
decreases. _ . '

The national annualized enterprise control cost per Mg of MSW is
below $§1 per Mg for stringency levels under the flare option for
affected existing and new landfills and for stringency levels
under the energy recovery option for affected new landfills.
National annualized enterprise control costs per Mg of MSW range
between $1.43/Mg and $2.66/Mg for affected existing landfills
under the energy recovery option.

The costs of the regulatory alternatives are very low for most
households--the majority of affected existing landfills have
compliance costs under $15 per household per year and the
majority of affected new landfills have compliance costs under
$10 per household per year.

While the national cost-effectiveness of almost all the
stringency levels under both the flare and energy recovery
options is less than $1000 per Mg of NMOC emissions reduction,
cost effectiveness varies greatly among affected landfills--much
more than is typical for EPA stationary-source regulations.

The regulatory alternatives under consideration for closed/
existing and new landfills will not affect a substantial number
of small entities, so a Regulatory Flexibility Analysis is not
required for either the §111(d) or 111(b) rulemakings.

The social costs of the regulatory alternatives for affected
closed/existing and new landfills are very sensitive to the
discount rate, because of the long control periods under
stringency levels for both the flare and energy recovery control
options.

In general, the economic impacts of the §111(d) and 111(b) regulatory
alternatives on households and municipalities are too small to signifi-
cantly influence the choice among these alternatives. Privately owned
landfills that are already closed and must install emissions controls may
be significantly impacted by the regulatory alternatives, because they have

no way of recovering their compliance costs. However, there are very few
closed, privately owned landfills that are affected under any of the
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regulatory alternatives. The control costs of the regulatory alternatives
at affected landfills will probably not lead to a significant shift in MSW
flows from landfills to municipal waste combustors. Finally, all of the
regulatory alternatives will stimulate the adoption of energy recovery
technologies at affected landfills.
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9. GUIDANCE FOR IMPLEMENTING THE EMISSION GUIDELINES
AND COMPLIANCE SCHEDULE

This chapter, in concert with the entire background information
document, has been prepared in accordance with regulations established
under Section 111(d) of the Clean Air Act. Under the regulations contained
in Subpart B of 40 CFR 60, EPA has established procedurés whereby States
submit plans to control existing sources of "designated pollutants”.
Designated pollutants are pollutants which are not included on a 1list
published under Section 108(a) (National Ambient Air Quality Standards) or
112(b)(1)(A) (Hazardous Air Pollutants), but to which a standard of
performance for new sources applies under Section 111(b). Under
Section 111(d), emission standards are to be adopted by the States and
submitted to EPA for approval. The standards would 1limit the emissions of
designated pollutants from existing facilities which, if new, would be
subject to the standards of performance for new stationary sources. Such
facilities are called designated facilities. The purpose of this chapter is
to provide guidance in implementing the emission guidelines and compliance
schedules for existing municipal solid waste landfills, and to provide
information upon which States may base their plans. The guidance provided
in this chapter also applies to new municipal solid waste Tandfills.

After public review and comment on the draft emission guidelines, a
final guideline will be published, and the emission guideline and compliance
schedule will be promulgated under Subpart C of 40 CFR 60. The States will
then have nine months to develop and submit plans for control of the
designated pollutant (municipal landfill gas emissions) from designated
facilities. Within four months after the date for submission of such plans,
the Administrator will approve or disapprove each plan (or portions
thereof). If a State plan (or portion thereof) is disapproved, the
Administrator will promulgate a plan (or portion thereof) within six months
after the date for plan submission. These and related provisions of
Subpart B are basically patterned after Section 110 of the Act and 40 CFR 5]

(concerning the adoption and submittal of State implementation plans under
Section 110).
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As discussed in the preamble to Subpart B (40 FR 5340,

November 17, 1975), a distinction is drawn between designated pollutants
which may cause or contribute to endangerment of public health (referred to
as "health-related pollutants") and those for which adverse effects on
public health have not been demonstrated (referred to as "welfare-related
pollutants"). For health-related pollutants, emission standards and
compliance times in State plans must be at least as stringent as the -
corresponding emission guidelines and compliance times in EPA’s guideline
document, but 40 CFR 24.(g) does allow States to adopt and enforce emissions
standards and compliance times which are more stringent than those provided
in the published guidelines. In addition, as provided in Subpart B, States
may apply less stringent requirements for particular designated facilities
or classes of facilities, on a case-by-case basis, when economic factors or
physical limitations make such less stringent control more reasonable. Such
justification may include unreasonable control costs resulting from plant
age, location, process design, or the physical impossibility of installing
the specified control system. States may also relax compliance time if
sufficient justification is provided. Justification for such a relaxation
may include unusual time delays caused by unavailability of labor,
climatological factors, scarcity of strategic materials, and large work
backlogs for vendors or contractors.

For reasons discussed at length in Chapter 2 of this background
information document, the Administrator has determined that air emissions
from municipal solid waste landfills are health-related pollutants.
Briefly, this determination is based on four specific health and welfare
effects attributable to these emissions: (1) the adverse health and welfare
effects resulting from nonmethane organic emissions, (2) the contribution to
global warming of methane emissions, (3) explosion hazard, and (4) odor
nuisance. Therefore, the States must develop regulations to control these
emissions that are at least as stringent as the final guidelines.

The guidance document mandated under Subpart B must provide
specific information to assist States in the development of a plan under
Section 111(d). Much of this information is nearly identical for both
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new and existing landfills, and has already been provided in this
background information document as listed below:

BID
Chapter(s)
Health and welfare effects of air emissions of Chapter 2
. MSW Landfills _
Landfill gas collection and control techniques Chapter 4
Control technology efficiency and environmental Chapter 6
effects
National emission reduction potential of guideline Chapter 6

Rather than duplicate the information which is already provided in this BID,
this chapter will focus on the following:

0 Time necessary for normal design, installation, and start-up of
identified collection and control systems.

) An emission guideline reflective of Best Demonstrated Technology
(BDT), and a compliance guideline.

The guidance presented in this section applies to all existing
municipal solid waste (MSW) landfills that accepted refuse at any time
between November 8, 1987 and the date of proposal of the New Source
Performance Standards (NSPS) for MSW landfills. Existing landfills that
have capacity available and are not closing prior to accepting any
additional refuse are also affected. Landfills which commence construction,
or in the absence of construction received refuse, on or after the date of
proposal (the NSPS) are defined as new landfills and are subject to the
NSPS. The requirements for new landfills are identical to those for
existing landfills.

Only a portion of the existing landfills subject to the emission
guidelines are required to install air emission control systems. This is
the subset of existing municipal solid waste landfills with the greatest
potential for adversely impacting public health and welfare. However, many
of the landfills included under this definition of designated facility may
not pose a significant threat to public health and welfare. The public
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health and welfare threat posed by individual municipal solid waste
landfills varies widely and more specific guidance on if and when air
emission control systems are required at a specific landfill is provided in -
Section 9.1.

For those facilities required to install landfill gas collection and
control systems, specific guidelines for the design and operation of these
systems are provided in Sections 9.2, 9.3, and 9.4. The guidelines are
separated into two distinctive components: guidelines for effective
collection of the municipal landfill gas; and control of the collected
1andf111 gas. Section 9.2 provides guidelines on the design of an effective
gas collection system. Section 9.3 provides guidelines on effective
~operation of the gas collection system. Section 9.4 provides design and
operating guidelines for the air emission control device.

Finally, the schedule for compliance with these emission guidelines is
presented in Section 9.5. A schedule for compliance is provided for both
initial installation of the collection/control system and continued
expansion of the collection/control system, as new refuse is placed in
active portions of the landfill.

9.1 DETERMINATION OF CONTROL REQUIREMENT

The owner or operator of a designated MSW landfill with a maximum
design capacity Tess than 100,000 Mg refuse must submit a report to the
State agency documenting the landfill size. Documentation should include a
map or plot of the landfill which provides the size and location of the
landfill and identifies all areas where refuse may be landfilled as
permitted by the state or county. Documentation should also include the
maximum design capacity as specified in the State or county or RCRA permit.
If the design capacity has not been specified, then the capacity should be
estimated and a copy of the estimation method submitted for review. Upon
the State’s verification that the maximum design capacity of the landfill is
less than 100,000 Mg, the landfill owner/operator is not required to perform
further testing reporting, or to install controls. If the design capacity
is increased by the addition of new areas, by an increase in the depth of
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refuse deposition, by greater compaction, or any other means, an amended
design capacity report must be submitted. If the revised capacity exceeds
100,000 Mg, the landfill would then be subject to the additional provision
of the guideline. _

The owner or operator of a designated MSW landfill with a maximum
design capacity greater than 100,000 Mg refuse is required to periodically
determine the nonmethane organic compound (NMOC) emission rate from his/her
landfill each year, from the effective date of an approved State plan for
implementing the emission and compliance guidelines until closure of the
landfill. This includes landfills with an existing collection/control
system in place. A procedure for determining periodic NMOC emission rate is
provided in Section 9.1.1 below. The determined NMOC emission rate is to be
reported to the State each year along with supporting data and calculations.

If the NMOC emission rate is determined to be greater than or equal to
150 Mg of NMOC per year, then the landfill owner is required to install a
collection system which effectively captures the generated gas and conveys
this collected gas to a control system capable of achieving at least a
98 percent reduction in NMOC or a 20 ppmv outlet concentration (dry basis)
at 3 percent oxygen. A recovery system can be used to process the landfill
gas for subsequent sale, but all atmospheric vents from the recovery system
are required to be routed to a control system capable of achieving an
overall 98 percent reduction in NMOC or 20 ppmv outlet at 3 percent oxygen.
Specific design and operating requirements for the collection and control
systems are provided in Section 9.2, 9.3, and 9.4,

At landfills with active collection systems in place, the existing
collection system can be used to determine the NMOC mass emission rate only
if the system is operating according to the guidelines provided in this
chapter. Landfills with passive collection systems in place must have
synthetic Tiners on the bottom, sides, and top of the landfill, as well as,
meet the operating guidelines in Section 9.3. Use of existing collection

equipment to determine the NMOC mass emission rate is discussed separately
in Section 9.1.2.
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The owner of a regulated Tandfill is required to operéte the collection
and control system, in accordance with the operating'guidelines, for a
minimum of 15 years, until the landfill is no longer accepting waste and
until emissions from the landfill are determined to be less than
150 Mg/year. The procedure for determining when control is no longer
required is.out]ined in Section 9.1.3.
9.1.1 NMOC Emission Rate Determination

The NMOC emission rate is to be determined using the tiered approach as
i1lustrated in Figure 9-1. In the first tier (illustrated in Figure 9-2),
the landfill owner or operator is to estimate the NMOC emission rate using
the following equation, assuming the acceptance rate is constant from year
to year:

Mo = 2L R (e7KC - &™) (Cyyoc) (3.595 x 107%)
where,

MNMOC = mass emission rate of NMOC, Mg/yr
Lo = refuse methane generation potential, m3/Mg refuse
R = average annual acceptance rate, Mg/yr
k = methane generation rate constant, 1/yr
¢ = years since closure (¢ = 0 for active and/or new

landfills) |

t = age of Tandfill, yrs

CNMOC = concentration of NMOC, ppmv as hexane

3.595 x 1077 = conversion factor

The average acceptance rate, R, can be determined by dividing the
refuse in place by the age of the landfill. This method for determining the
emission rate should only be used for landfills with Tittle or no knowledge
of the actual year-by-year refuse acceptance rate. [f refuse acceptance
rate information is available, the Tandfill owner should determine the
methane generation rate for each yearly submass of refuse and total the
results to obtain an accurate overall landfill emission rate. The following
equation can be used for the submass approach:

0y = 2 k Ly My (™M) (Cupne) (3.585 x 107%) - 4o e s

NMO
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No

Tier 1

Using landfill characterla'ﬂcs and default
valuea for k and concentration

rqanlc compounds (N MQC),
determbne lf the landfili s exempt from
control requirements.

Landfill
does not
require control Yes 1a landflll closed? Exempt from controi?

Repeat Tier 1 each year,

Yaa\
No

Install Controls
or
Tier 2
Determine the landfil NMOC concentration
ualng EPA test procedures. Redetermine
It the landflll ia exempt from control
requirements uslng shte-apecific NMOC
concentration
No
Landfill )
does not Exempt from control?
require control Yeos le landfill closed?
Repeat Tler 2, updating the NMOC
concentration data at the spectfied Intervais.
Yea\
Install Controls
No
Or
Tier 3
Determine the landfill gaa generation rate
using EPA test p ures. From the
No site-specific k and NMOC concentration
Landfill data, redetermine if control la required.
does nat Y Is landfill closed?
i (-1 s landflll ¢
require control Exempt from controi?

Repeat Tler 3, updating the NMOC

concentration dam at the specific

intervais. Updating the rate constant

value Ia not required.

Yes
No nstail Controls

Figure 8-1. Overall Three-Tiered Approach for Determination of
Control Requirements
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Tier 1

Compare the NMOC mass emission rate using landfill characteristics
and k=.02, Lo=230, and a NMOC concentration of 8,000.

2,898 079
Moo= 2L,R (6" %) (C__2888% 10"

Where:
M= Mass emission rate of NMOC [=] Mg/yr
L ,= refuse methane generation potential [=] m’/Mg refuse
R = Average annual acceptance rate of refuse [=] Mg/yr

k = methane generation rate constant [=] 1/yr
¢ = years since closure (¢ = 0 for active landfills)
t = age of landfill [=] yrs

C axc= concentration of NMOC [=] ppmv

2.888XT0" = conversion factor
A N

Compare the computed NMOC emission rate to the
regulatory level of 150 Mg/yr.

Exempt from controls?

Yeas

No Install
Controis

or

Tier 2

Figure 9-2. Example of Tier 1 Using NMOC Emission Rate Cutoff
as the Regulatory Option
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where:

Q. = NMOC emission rate from the it"
k = landfill gas generation constant, 1/yr
L = methane generation potentia1, m3/Mg

= mass of the 1th section, Mg

= age of the 1th section, yrs

CaMoc - concentration of NMOC, ppmv

3.595 x 1077
Regardless of which method is chosen, the nondegradable refuse, such as

section, Mg/yr

conversion factor

demolition refuse, should be subtracted from the mass or acceptance rate to
avoid overestimating the landfill emission rate. A combination of the two

methods may be used if acceptance rate information, such as gate receipts,

is only available for a limited time period.

Landfill -gas flowrate and/or composition data obtained within 5 years
prior to the initial Tier 1 evaluation may be used to determine
site-specific values for k and CNMOC provided that the methods used to
obtain the data are comparable to EPA Method 2E for flowrate determination
and Method 25C for NMOC concentration analysis. The value for k must be
computed as outlined in Section 5 of Method 2E regardless of the method used
to obtain the raw data. Sufficient documentation of the methods used to
obtain these data must be submitted for the State to review. Documentation
should include detailed test procedures, test log or data sheets, and any
accompanying calculations. In the absence of site-s -specific data, the values

et

to _be used for k, L , and NMOC concentration are 02/yr, 230 m /Mg, and
B‘EEQMEpmv respectxvé]y If the calculated NMOC emission rate is greater
than 150 Mg/yr, then the Tandfill owner must either install controls or
determine a site-specific NMOC concentration to use in the equation above.
If the Tandfill owner chooses to determine the NMOC concentration, then the
steps of Tier 2, iilustrated in Figure 9-3, are to be followed. If the NMOC
emission rate determined from Tier 2 is greater than 150 Mg/yr, then the
Tandfill owner must either install controls or determine a site-specific gas
generation rate constant, k. If the owner chooses to determine k, then the

steps of the third tier, illustrated in Figure 9-4, are to be followed. If
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install a minimum of § sample probes.
Ti er 2 Collect and anaiyze samnpies. using EPA
Method 25C.

Compute the NMOC mass emnission rate using the
the average site-specific NMOC concentraton.
Compare to the regulatory level of 150 Mg/yr.

Moo= 2 A (€5 6™) (Guoo 3595x 107 )

Where:

Crainc™ the average NMOC concantration (=] ppmv

Exempt from Controls?

/ Instail Controls

or

Determine the number of samptes required 10 dernonstrate that the average NMOC
mission rate is less than the threshold with 80% confidence. Use pl ure in

Ch. 9 of EPA document SW-846. n-tLS 2
Where: : &

n=number of sampbies required to demonstrate 80% confidence

1 smsTucent-t value for a two-tailed confidence interval ang a probability

of 0.20 and for a degrees of freedom equal to the initial numberot samples
less one. (for a muinimum of 5 Initial sampies, the degrees of freedom is

4, and the correapending t vaive is 1.533)

s =sandard deviation of the initial set of samples (ppm)

A=NMOC mass ermission rate cutoff - M wee
A2l Re*e™) (3505x10 ")

Install he required no. of probes
or 50 probes, whichaver is less,
within 12 months.

Analyze sampie using Method 25C

Compare average NMOC mass

emission rate to the regulatory
level of 150 Mghr.

Exempt from Contois?

/ Install Controls

or
No \
Tier 3

Compare average NMOC mass emission
rate piys 2 standard deviations to the
reguiatory level of 150 Mg/yr.

M 25 . Level?
Repeat each year unti closure hawod 25 < Reg

using the site specific NMOC Yes
concaentraton reaetermine the
NMOC concentration every 10 years.

No

Repeat each year until closure

using the site spechic NMOC
concentraion. Regeterming the
NMOC concentration every 5 years.

Figure 9-3. Example of Tier 2 Using NMOGC Emission Rate Cutoff
as the Regulatory Option

9-10



Tier 3

Is the history of the landfill known?

Yes Ne

! g !

Site a cluster of at loagt 3 welils
in & landfill area of at least 600 feet Shte 5§ equal volume wells in a [andfill
by 600 feet containing refuse area of at least 8,361 m'well.

placed 2 to 10 years prior .

l__ Submit test plan

f

Upon approval, install test wells. Wells should be constructed in
accordance with the specifications provided by Method 2E.
Wells must be drilled 75% of the landfill depth.

1

Install 3 radial arms of pressure probes. Probes are to be placed at radial
distances of 3.05, 15.2, 30.5, and 45.7 meters out from the well center.

The probes placed 3.05 meters from the well shouid be placed hatf as deep
as the nonpaerforated section of the test weil. The remaining probes are to be
placed even with the start of the perforated section of the well.

f

Perform static testing according to Method 2E. Measure the static
landfill gas flow using Method 2E. Measure the concentration of
Q,, N,, CO,, and CH,, using Method 25C.

\

Perform short term testing according to Method 2E.

Start extracting gas at 2 times the static flow. Increase the vacuum
by 3.74 mm Hg and measure the flow, the pressure probe readings,
and analyze the gas for G, N,, CH,, and CO,.

L

Figure 8-4. Example of Tier 3 Using NMOC Emission Rate Cutoff
as the Regulatory Option
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When 1% air Is detected in the landfill gas or the inner,
shallow pressure probe readings show a negative pressure
decrease the blower vacuum by 3.74 mm Hg.

]

Measure the fiow, gas composition, and pressure probes dalily.
Adjust vacuum to maintian steady state conditions.

!

After achleving steady state for 24 hours

determine the radius of influence. The radlus of Influence is
the distance of the deep pressure probe that shows zero
differential (i.e. P = P Landfill - P vacuum = 0)

!

Perform long term multiple-well extraction testing according
to Method 2E. extracting the gas at the steady atate rate
Identified in the short term test. Collect and analyze the
landfill gas,

History Known History Not Known
Calculate CH, Calcuiate total landfill flowrate.
generation rate Q= Q_*Volume of landfill
constant, k, by trial and error. “Volume of Test
ke" = Q_
z! I;I-
Where:

k = CH, generation rete constant, 1/yr

Q. = Flowrate for volume tested, nf /yr

M., = Mass refuse in volume tested, Mg

t = age of volume tested, years

L = refuse methane generation potential [=] m¥Mg
Calculate total landfill gas flowrate
TotalQ_ =21 R (¢ -e"
Where:

Q = total flowrate of LFG, nf yr
-t = age of total landfill yrs




the NMOC emission rate determined in Tier 3 is greater than 150 Mg/yr, then
controls must be installed in accordance with the compliance schedule
" provided in Section 9.5.

In determining the NMOC emission rate, the entire municipal solid waste
landfill is considered rather than any subdivision of the landfill, such as
an individual cell. The entire landfill is defined as the contiguous
landfill property designated for solid waste disposal irrespective of
subdividing access roads. This includes closed portions of the landfill (no
longer accepting refuse), as well as active portions. Additionally,
multiple ownership does not affect the definition of a municipal solid waste
landfill.

9.1.2 Landfills with a Collection/Control System In Place Prior to
Requlation

An owner pf a landfill with an existing collection/control system in

place has the option of using the tiered approach or using the existing
equipment to determine the NMOC mass emission rate for comparison against
the standard. The landfill owner may use existing landfill gas collection
equipment to determine the NMOC mass emission rate, only if the collection
system meets the operating guidelines in Section 9.3. That is, the
landfill owner must be able to show that there is not excessive air
infiltration and that there is not a positive pressure at each well head.
An excessive influx of air may result in an overestimation of the landfill
gas flowrate. A positive pressure reading at the well head with a fully
open valve means additional wells are required. The landfill owner must
also be able to document that the collection system is effectively
collecting landfill gas from all gas producing areas of the Tandfill.

The NMOC mass emission rate can be determined by measuring the total
landfill gas flowrate and by determining the NMOC concentration of the gas.
The flowrate measurement should be taken at the common header pipe that
leads to the control device using an orifice meter as described in
Method 2E. The NMOC concentration can be determined by collecting and
analyzing a landfill gas sample from the common header pipe using
Method 25C. The average NMOC concentration of at least three gas samples




should be used. The following equation can be used to determine the annual
NMOC mass emission rate:

Moune = 1.89 x 1073

nNMOC = Qe Cnmoc

where:

MNMOC = mass emission rate of NMOC, Mg/yr

QLFG - flowrate of landfill gas, m /m1n

CNMOC = NMOC concentration, ppmv
If the resulting NMOC mass emission rate is gleater than 150 Mg NMOC/yr,
then the landfill should continue to operate the collection/control system
according to the guidelines outlined in Section 9.3. It is not mandatory
that existing collection system meet all of the design specifications
included in 9.2, if the collection system meets the operating guidelines
provided in Section 9.3. If the NMOC emission rate is less than
150 Mg/yr, then the 1andfill is exempt from control for that year only. The
NMOC mass emission rate should be determined periodically until the landfill
closes, and if the NMOC emission rate exceeds 150 Mg/yr at any time,
controls should be operated until the requirements of 9.1.3 are met.
9.1.3 Guidelines for Discontinuing Control

Control of landfill air emissions is no longer required when it meets
all of the following criteria:

0 Controls have been in place and operated for at least 15 years;
0 The 1andfill is no longer accepting waste; and
0 Emissions from the landfill are less than 150 Mg/yr.

The annual NMOC mass emission rate must be less than 150 Mg/yr for
three consecutive testing periods, between 90 and 180 days apart, in order
to meet the emission criteria above.

The emission rate is to be determined by measuring the total landfill
gas flowrate and by determining the NMOC concentration of the gas. The
flowrate measurement should be taken at the common header pipe that leads to
the control device using an orifice meter as described in Method 2E. The
NMOC concentration should be determined by collecting and analyzing a gas



sample from the common header pipe using Method 25c. The following equation
should be used to determine the annual NMOC mass emission rate for each set
of flow and NMOC concentration measurements.

_ -3
Mymoc = 1-89 X 107 Qppg Cymoc
where:
M = mass emission rate of NMOC, Mg/yr
NMOC 3
flowrate of landfill gas, m™/min

i

Qrg
CNMOC = NMOC concentration, ppmv
Again, the determined NMOC mass emission rate should be less than
150 Mg/yr for three consecutive quarters before operation of the control
system is discontinued.

9.2 DESIGN GUIDELINES FOR GAS COLLECTION SYSTEMS

Landfill :gas collection systems can be categorized into two basic
types: active collection systems and passive collection systems. Active
collection systems employ mechanical blowers or compressors to provide a
pressure gradient in order to extract the landfill gas. The systems can be
further categorized into two types: vertical well systems and horizontal
trench systems. Passive systems rely on the natural pressure gradient
(i.e., internal landfill pressure created due to landfill gas generation) or
concentration gradient to convey the landfill gas to the atmosphere or to a
control system.

The Agency has evaluated the effectiveness of both active and passive
colilection systems and has conciuded that well designed active collection
systems are the most effective means of collecting landfill gas.l The
Agency also found that well designed passive collection systems can
approximate the efficiency of an active system when used in conjunction with
synthetic liners and caps. Generally, passive collection systems have much
lower collection efficiengy than active collection systems since they rely
on natural pressure gradient (i.e., internal landfill pressure created due
to landfill gas generation) or concentration gradient rather than the
pressure gradient induced by a blower or compressor. However, the Agency’s
study revealed that passive collection systems can be nearly equivalent, if
the Tandfill design includes synthetic liners on the top, bottom, and sides
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of the landfill. Landfills with highly impermeable containment such as
canyons or quarries may also be well-suited for passive systems, however,
these should be evaluated on a case-by-case basis taking into account
fissures and cracks that may exist in the containment.

Selection of a collection system type often depends on the landfill
characteristics and landfill operating practices. For example, if a
landfill employs a layer-by-layer landfilling method (as compared to
cell-by-cell methods), an active horizontal trench collection system may be
preferred over an active vertical well collection system due to the ease of
collection system installation. However, if the water table extends into
the refuse, horizontal trench systems have a tendency to flood, thus
decreasing the collection efficiency. Applications, advantages, and
~ disadvantages of different collection systems are summarized in Table 9-1.

For 1andfills required to install collection and control systems, the
owner of the landfill is first required to develop the collection system
design. The design must be based on the specifications for an active
vertical collection system provided in Section 60.758 of the NSPS.
Alternatively, an owner or operator who wishes to use a collection system
not based on those specifications must submit a plan to the State Agency for
review. Alternative designs would still need to satisfy the four criteria
of an effective collection system provided below, and the plans submitted
for review must address each of the four criteria. Provisions for expanding
the system as waste accumulates must be indicated in the plan. This plan
should include the type of collection system (active or passive), an
estimate of the maximum expected gas collection rate, a plot plan of the
entire landfill with proposed well placements and estimated radii of
influence, and specifications for gas moving equipment. If a passive system
is proposed, containment specifications and the estimated collection/control
system pressure drop should also be provided. This plan is to be reviewed
by the State and, upon approval of the plan, the collection system is to be
installed in accordance with the compliance schedule provided in
Section 9.5. '

The Tandfill gas collection system must be designed to provide
effective collection of the landfill gas. In order for the landfill gas



TABLE 9-1 COMPARISON OF VARIOUS COLLECTION SYSTEMS

. Preferred applications

Advantages

Disadvantages

Collection system type

Active Collection Systems

-Vertical Wells

Horizontal Treénch

Passive Collection Systems

Landfills employing
cell-by-cell
landfilling methods

Landfills employing

layer-by-layer
landfilling methods

Landfills with
natural depressions
such as canyon

Landfills with good
containment (side
liners and cap)

Landfills with only

gas migration
problems

Cheaper or equivalent
in costs when compared
to horizontal trench
systems

Easy to install since
drilling is not required

Convenient to install
and operate on the
active face of the
Landfill

Cheaper to install and
maintain if only a few
wells are required

Difficult to install and
operate on the active
face of the landfill
(may have to replace
wells destroyed by
heavy operative
equipment)

The bottom trench layer
has higher tendency ta
collapse and difficult
to repair once it
collapses

Has tendency to flood
easily if water table is
high

Difficult to maintain
uniform vacuum along the
length (or width) of the
landfill

Collection efficiency
is generally much lower
than active collection
systems

Costs is generally
higher than active
systems when designed
for the same collection
efficiency
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collection system to be considered effective, it must: (1) provide
collection of landfill gas from all gas generating areas within the
1aﬁdfi11; (2) provide well spacing adequate to collect landfill gas from all
areas of the landfill without overdraw of air into the landfill; (3) provide
a gas moving system capable of handling the maximum expected gas flow; and
(4) include monitoring and adjustment provisions to facilitate effective
operation. Additionally, the gas collection wells are to be constructed in
conformance with certain specifications.

The first requirement, collection of landfill gas from all gas
producing areas, is common to all collection system types. The gas
collection system must be designed to provide gas collection from all gas
producing areas of the landfill which contain refuse that is at Teast two
years old. Areas known to contain asbestos should not be included in the
collection system design. The collection system should also be designed to
extend into each new area of the Tandfill within two years of the initial
placement of refuse in that area. For shallow areas, extraction wells can
be installed and vertically extended as more refuse is added. Since this
type of installation may make filling that portion of the landfill
difficult, it is recommended that the Tandfill owner/operator manage the
filling pattern to avoid shallow sections that meet the age criteria.

Certain landfills will contain sections of refuse that do not produce a
significant amount of landfill gas, either due to the age of the refuse or
the type of refuse. These "nondegradable" sections may be excluded from
control if the 1andfill owner or operator can show that emissions from the
all such sections contribute less than one percent to the total amount of
emissions from the landfill. Emissions from a given section may be computed
using the following equation:

0 = 2 k Ly M, (e7KH) (Coyoe) (3.595 x 107%)
where:
Qi = NMOC emission rate from the 1th section, Mg/yr
k = Tandfill gas generation constant, 1/yr
L0 = methane generation potential, m3/Mg
M. = mass of the degradable refuse in the ith section, Mg
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th

t

CNMOC concentration of NMOC, ppmv

age of the refuse in the i~ section, yrs

3.595 x 1077 = conversion factor _

The values for k,'Lo, and CNMOC used in the tiered procedure should be used
if a specific k and CNMOC for the given section has not been determined
through field testing. The mass of the nondegradable refuse contained
within the given section may be subtracted from the total mass of the
section when estimating emissions. The landfill owner or operator should
provide records showing the amount and type of refuse claimed as
nondegradable and the location of such refuse within the landfill. If more
than one section is proposed for exclusion from control, an emissions
estimate should be made for each section. The sum of the emissions from all
the potentially excluded sections must be less than one percent of the total
T1andfill emissions to qualify for exemption.

The remaining requirements of an effective collection system, adequate
well spacing, flow capacity, and well construction are somewhat specific to
the type of collection system selected. These requirements are addressed in
the following sections specific to each collection system type.

9.2.1 Design Guidelines for Active Vertical Collection Systems

Four design features of the proposed vertical collection system must be
evaluated by the owner or operator and by the State reviewer when a
collection system design plan is submitted for review to ensure that an
effective collection system is installed. These are the proposed well
spacing, the proposed well construction, provisions for well monitoring and
adjustment, and capacity of the gas mover system. Each of these design
features are addressed below.

9.2.1.1 VYertical Well Spacing. The desired method for determining
effective well spacing at a specific landfill is the use of field
measurement data. EPA Method 2E, prescribed in Tier 3 of the NMOC emission
rate determination, can be used to determine the average stabilized radius
of influence for both perimeter wells and interior wells. If such a
determination has been made using EPA Method 2E, the determined radii of
influence are to be used in setting the well spacing. Wells placed along
the perimeter of the landfill (but, still in the refuse) are to be placed ne




more than the perimeter radius of influence from the perimeter and no more
than two times the perimeter radius of influence apart. As illustrated in
Figure 9-5, a helpful technique is to site the location of each well and
draw a circle with radius equal to the radius of influence (perimeter radius
of influence for perimeter wells and interior radius of influence for
interior wells). Once the perimeter wells are sited on the landfill plot
plan, the interior wells are to be sited at no more than two times the
interior radius of influence in an orientation such that essentially all
areas of the landfill are covered by the radii of influence. Figure 9-5
provides an illustrative demonstration of this concept.

In situations where the landfill owner chooses not to perform EPA
Method 2E, the well spacing must be determined based on theoretical
concepts. In order to evaluate the proposed well spacing for these
situations, it is important to understand the relationship between applied
vacuum (well vacuum) and air infiltration. It is advantageous to apply
higher vacuum in order to maximize the radius influence and minimize the
number of wells required. But, higher vacuum leads to increased air
infiltration. Consequently, excessive air infiltration (greater than one to
two percent air) kills the methanogens which produce the landfill gas,
supports aerobic decomposition of the refuse, and can potentially lead to a
landfill fire. _

In the absence of field measurement data, reasonableness of the
proposed well vacuum must first be reviewed. The maximum vacuum that can be
applied at the well, without excessive air infiltration, is restricted
primarily by three landfill characteristics: the landfill depth, gas
permeability of the cover or cap material, and the cover thickness.

Assuming a 2 ft final cover as required under RCRA, the theoretical vacuum
that can be applied without excessive air infiltration is presented in
Figure 9-6 for three cover materials. As illustrated in the figure, the
maximum vacuum is greatly a function of landfill depth. The maximum vacuum
that can be applied is also dependent on the landfill gas generation rate.
However, since this can only be determined for a specific site through field
measurement, the figure is based on the Scholl-Canyon model with a rate

constant (k) of .02 years.'1 and an ultimate gas generation constant (Lo) of
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Figure 9-5. Technique for siting wells.
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230 m3/Mg. The theoretical basis for Figure 9-6 is further described in
Appendix G.

In cases where field measurement is not performed, the proposed well
vacuum should be compared to the predicfed maximum from Figure 9-6. If the
proposed vacuum is less than or equal to that indicated in Figure 9-6, then
the proposed value can be used to determine the radius of influence from
Figure 9-7. 1If the proposed well vacuum is greater than the maximum -
indicated in Figure 9-6, then the value obtained from Figure 9-6 should be
used to determine the radius of influence from Figure 9-7. Consistent with
the theoretical correlation presented for maximum well vacuum, the
correlation presented in Figure 9-7 for radius of influence is based on the
! and L, of 230 m°/Mg. The
theoretical basis and calculations are detailed in Appendix G. »

Once the radius of influence is determined, the proposed well placement
can be evaluated. Identical to the criteria outlined above when using a
field measured radius of influence, the wells are to be sited along the
perimeter of the landfill no more than the radius of influence from the
landfill perimeter and two times the radius of influence apart. Once the
perimeter wells are sited, then wells are to be sited throughout the
interior of the landfill, at a distance of no more than two times the radius
of influence. The only difference in this technique and the one described
above is that a single radius of influence is used in siting both perimeter
and interior wells. '

Schol1-Canyon model with a k of .02 years™

9.2.1.2 Well Construction. The Tandfill gas extraction well is to be
constructed of polyvinyl chloride (PVC), high density polyethylene (HDPE)
pipe, fiberglass, stainless steel, or other suitable nonporous material, at
least 3 inches in diameter. The well should extend from the landfill
surface to at least 75 percent of the landfill depth. It is recommended
that the bottom two thirds of the pipe be perforated with 1/2 inch diameter
holes spaced at 90 degrees every 6 inches. Slotted pipe having equivalent
perforations is also suitable. The pipe should be placed in the center of a
2 ft diameter bore and backfilled with gravel to a level 1 ft above the
perforated section. A 4 ft layer of backfill material should be placed on
top of the gravel followed by at least 3 ft of bentonite. The remainder of
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the bore can be backfilled with cover material or a material of equal or
lTower permeability.
9.2.1.3 Monitoring and Adjustment Design Provisions. To facilitate

_ periodic well monitoring and adjustment, the well head should be equipped
with a valve, flanges, gaskets, connectors and access couplings. The well
assembly should also include at least one sample port that can be used to
monitor pressure or collect gas samples periodically. The extraction well
assembly and well head assembly are illustrated in Figure 9-8.

The well head may be connected to the collection header pipes below or
above the landfill surface. The advantage of installing header pipes above
ground is the ease of maintenance and operation. The disadvantage is the
higher probability of damaging header pipes with Tandfill operating
equipment and the possibility of blockage in the pipeline due to the
condensate freezing in areas with severe winters.

9.2.1.4 Gas Mover Sizing. The gas mover (fan, blower or compressor)
system should be designed to handle the peak landfill gas flowrate over the
life of the gas moving equipment. This attribute can be evaluated by first
projecting the peak landfill gas flowrate and comparing this flow to the
proposed equipment specifications. The peak gas flow rate can be projected
using the following expression:

kt

Peak Flow [m3/yr] = 2L, R (1 - e <)

where,

L_ = refuse methane generation potential, m3/Mg refuse
= average annual acceptance rate, Mg/yr

methane generation rate constant, 1/yr

= age of the landfill plus the gas mover equipment life or active
1ife of the landfill, which ever is less, in years

ct X OO
]

A value of 230 ma/Mg is recommended for Lo‘ If Method 2E has been
performed, the value of k determined from the test should be used; if not, a
value of .02 years“1 is recommended.
9.2.2 Design Guidelines for Active Horizontal Collection Systems

Four design features of the proposed horizontal collection system
should be evaluated by the State reviewer to ensure that an effective
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collection system is installed. These are the proposed well spacing, the
proposed tren&h construction, provisions for trench monitoring and
adjustment, and capacity of the gas mover system. Each of these design
features are addressed below.

9,2.2.1 Horizontal Trench Spacing. The preferred method for
determining effective trench spacing at a specific landfill is the use of
field measurement data. Although EPA Method 2E is based on a vertical well
test, results of this method can be used to determine radius of influence in
the horizontal direction. If such a determination has been made using EPA
Method 2E, the determined radius of influence is to be used in setting the
horizontal spacing. The trenches should be spaced at a distance of no more
than two times the measured radius of influence (measured radius of
influence for internal vertical wells) apart. The vertical spacing of
trenches, however should be closer. Since compaction of the refuse causes
refuse permeability to be lower in the vertical direction, influence of the
trench is less in the vertical direction than in the horizontal direction.

A vertical spacing of one forth the horizontal spacing is recommended to
account for lower permeability in the vertical direction.

In situations where the landfill owner chooses not to perform EPA
Method 2E, the well spacing is to be determined based on the same
theoretical concepts presented in Section 9.2.1.1 for vertical well spacing.
Uang the proposed trench vacuum, the theoretical radius of influence in the
horizontal direction can be obtained from Figure 9-7. This radius of
influence is to be used identically to the interior radius of influence
determined discussed above. The trenches are to be spaced no more than two
times the theoretical radius of influence apart horizontally, and vertically
no more than one-half the theoretical radius of influence.

9.2.2.2 Trench Construction. The horizontal trenches may be
constructed of PVC, HDPE, corrugated steel, or other suitable nonporous
material. In order to minimize the collapse of the trenches due to the
refuse accumulation and/or landfill operation equipment, some employ
alternating pipe connections which typically consist of pipes with adjacent
diameters (e.g., 8" and 10", 10" and 12", etc.) loosely fitted together.
Loose fitting pipes of different diameters allow landfill gas to freely flow
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through yet also handles the stress due to the refuse weight and/or
equipment better than straight pipe connections. Some landfill owners
prefer using corrugated steel pipes since the heat of the landfill tends to
reduce the stress strength of PVC or HDPE pipes. Typical construction of
the horizontal trench collection system is illustrated in Figure 9-9.
9.2.2.3 Monitoring and Adjustment Design Provisions. To facilitate
periodic trench monitorihg and adjustment, each layer of trenches should be
connected to a common header leg that extends to the surface and is
equipped with a valve, flanges, gaskets, connectors and access couplings.
- The header Teg assembly should also include at Teast one sample port that
can be used to monitor pressure or collect gas samples periodically. The
trench header assembly should allow for controlling individual layers of
trenches.

9.2.1.4 Gas Mover Sizing. The gas mover (fan, blower or compressor)
system should be designed to handle the peak landfill gas flowrate over the
life of the gas moving equipment. Identical to vertical well collection
systems, this attribute can be evaluated by first projecting the peak
landfill gas flowrate and comparing this flow to the proposed equipment

specifications. The peak gas flow rate can be projected using the following
expression:

Peak Flow [m3/yr] = 2L, R (1 - e'kt)

where, .
L0 = refuse methane generation potential, m3/Mg refuse
R = average annual acceptance rate, Mg/yr
k = methane generation rate constant, 1/yr
t = age of the landfill plus the gas mover equip. life or active

life of the 1andfill, which ever is less, in years

A value of 230 m3 is recommended for Lo' If Method 2E has been performed,

the value of k determined from the test should be used; if not, a value of
.02 ,yez-nr's'1 is recommended.
9.2.3 Design_of Passive Collection Systems

As indicated above, passive systems are accepted as BDT only when
combined with a synthetic liner on the top, bottom, and sides of the
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Gas Monitoring Probe

Figure 9-9.

Horizontal trench collection system.
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landfill. If such a collection system is proposed, two design features will
need to be evaluated, the proposed well spacing and the proposed well
construction. Each of these design features are addressed below.

9.2.3.1 Passive Well Spacing. The preferred methodology for

determining the well spacing for passive collection systems is to use the
average static landfill pressure determined from field testing. If EPA
Method 2E has been performed, first determine the average static landfill
pressure using all of the deep probe static pressure measurements. Second,
the pressure drop across the control system should be established, based on
control equipment specifications. The pressure drop across the flare (or
other control device), flame arrester, and collection header piping should
be considered. The expected pressure drop across the control system
(usually provided in vendor specifications) should be subtracted from the
landfill pressure to determine the differential pressure driving force.
Using this differential pressure (between the landfill gauge pressure and
the control system pressure drop), the theoretical radius of influence can
be determined using Figure 9-10. Based on this theoretical radius of
influence, wells should be p]aced'throughout the landfill such that all
areas of the landfill are covered and the distance between wells is no more
than two times the radius of influence.

If EPA Method 2E has not been performed at the Tandfill, then the
static Tandfill pressure should be determined by field measurement. The
landfill should be divided into 5 equal volumes of refuse and a pressure
probe should be installed near the center of each equal volume, following
the probe installation procedures outlined in Section 3.3.1 of EPA
Method 2E. A differential pressure gauge should be used to measure the
gauge pressure at each pressure probe every 8 hours for 3 days. All 120 of
these pressure measurements should be averaged to determine the static
landfill pressure. This static landfill pressure should be used the same as
Method 2E results (discussed above). The expected control system pressure
drop (including the flare tip, flame arrester, collection header) is to be
subtracted from the static landfill pressure to determine the differential
pressure driving force. This differential pressure can then be used in
conjunction with Figure 9-10 to determine the theoretical radius of
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influence. Wells should be placed throughout the landfill such that all
areas of the landfill are covered and the distance between wells is no more
than two times the radius of influence.

9.2.3.2 Passive Well Construction. The passive extraction well is to

be constructed of polyvinyl chloride (PVC) or high density polyethylene
" (HDPE) pipe, at least 4 inches in diameter. The well should extend from the
1andfill surface to at least 75 percent of the landfill depth. It is -
recommended that the bottom two thirds of the pipe be perforated with
1/2 inch diameter holes spaced at 90 degrees every 6 inches. The pipe
should be placed in the center of a 2 ft diameter bore and backfilled with
gravel to a level 1 ft above the perforated section. The remainder of the
hole should be backfilled with a cover or backfilling material.

The well construction for passive systems is much less critical than
active systems. This is primarily because the collection well is under
positive pressure and air infiltration is not a concern. Additionally,
elaborate well head assemblies are not required since monitoring and
adjustment is not necessary. However, it is important that a good seal be
provided around the passive well in order to maintain the integrity of the
synthetic Tiner and maximize containment, Therefore, it is recommended that
a boot type seal, flange type seal, concrete mooring or other sealing
technique be used at each well location to maintain integrity of the
landfill cap.

9.3 COLLECTION SYSTEM OPERATING GUIDELINES

Active landfill gas collection systems should be periodically monitored
and adjusted to: (1) maximize landfill gas collection, and (2) ensure that
air infiltration into the system does not exceed safe levels. Additionally,
due to the inconsistency typically found within landfills, it may be
necessary to install additional wells in certain areas of high gas
generation.

To insure effective collection of Tandfill gas, the pressure and air
content should be measured at each well head (vertical collection systems)
or common header leg (horizontal collection systems) at least once every
month. If the measured pressure at the well head is positive, then the flow
from that well or set of trenches should be increased by opening the valve.
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Infiltration of too much air into a landfill may cause a fire or
explosion hazard. Therefore, EPA has determined that the N2 concentration
(as a surrogate for air concentration) in the collected gas should be
maintained under 1 percent by volume. If the N2 concentration exceeds
1 percent, the valve at the well head assembly should be adjusted to
decrease the flow from that we11, thus decreasing the Tevel of air.
infiltration. In cases where the well or leg pressure is positive and the
flow cannot be increased due to the exceedance of the N2 concentration
1imit, additional extraction wells should be installed and added to the
collection system.

In all types of collection systems with header piping, condensation of
water and organics is expected to occur as a result of cooler temperatures
above the surface of the landfill. This condensate is generally collected,
treated for pH, and routed to a water treatment facility or discharged under
NPDES permit or otherwise handled according to RCRA Subtitle D and/or
Subtitle C requirements.

9.4 DESIGN AND OPERATING GUIDELINES FOR CONTROL SYSTEMS

A1l collected Tandfill gas must be routed to a control device capable
of achieving 98 percent reduction of the NMOC emissions by weight. The
Agency has identified a number of control devices that can achieve the
specified reduction. These include: open flares, enclosed ground flares,
gas turbines, internal combustion (IC) engines, boilers, incinerators, and
purification systems. Open flares that are in conformance with the
design and operating requirements of 40 CFR 60.18 are assumed to yield
98 percent destruction of NMOC emissions. Enclosed combustors, however,
such as enclosed ground flares, turbines, IC engines, boilers, and
incinerators, require a performance test to demonstrate 98 percent
destruction efficiency or an outlet NMOC concentration of 20 ppmvd at
3 percent oxygen using EPA Method 25. Purification systems, such as
adsorption and absorption, do not require performance testing if all vent
streams from the system are routed to an open flare or enclosed combustor
that meet the specifications listed above. Control of only some portion of
the vent streams would be allowed if overall 98 percent destruction in NMOC
emissions is achieved.
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Alternatively, the landfill owner may select any NMOC destruction
device, or design and operate one of the listed devices outside the range of
the parameters specified if the device can be demonstrated to achieve
98 pércent destruction of NMOC emissions. EPA Method 25 should be used to
determine the performance of alternative control devices.

9.5 COMPLIANCE SCHEDULE _ _ :

Landfill bwners/operators of all designated existing MSW landfills are
required to submit a design capacity report and an initial NMOC mass
emission rate estimate (Tier 1) within 90 days of the effective data of
their respective approved State plan for implementing the emission and
compliance guidelines. Owners ahd/or operators of new landfills must submit
a design capacity report and an initial NMOC mass emission rate estimate
(Tier 1) within 90 days of start-up (i.e., refuse acceptance). Suggested
contents of the report are discussed in Section 9.1.

Landfills with design capacities less than 100,000 Mg are not required
to perform further testing or reporting, unless the design capacity is
changed due to the addition of new areas, increase in depth, etc. If such a
change occurs, the Tandfill owner/operator is required to submit an amended
design capacity report within 90 days of the change.

Landfills with design capacities greater than 100,000 Mg, must file an
annual or periodic report of the NMOC mass emission rate (Tier 1) until the
Tandfill closes or the rate exceeds the regulatory cutoff.

When the NMOC emission rate, calculated in Tier 1, reaches
150 Mg/yr, the owner/operator must submit either a notification of intent to
install a collection system based on the specifications in Section 60.758 or
a collection system design plan for review within 1 year. If the landfill
owner/operator elects to perform the Tier 2 sampling in order to generate a
site-specific NMOC concentration or gas generation rate to use for the
calculation of the more precise NMOC emission rate, he/she must report these
calculations within one year of the initial Tier 1 calculation as well.

[f the NMOC emission rate calculated in Tier 2 equals or exceeds
150 Mg/yr, then either controls must be installed or the owner/operator can
choose to perform Tier 3 testing; either must be done within 1 year after
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agency approval of a design which has been submitted for review, which takes
approximately 6 months, or within 18 months after the submittal of a
notification of intent. Should the NMOC emission rate calculated in Tier 2
be below 150 Mg/yr, then the Tier 2 calculation must be repeated annually,
while updating the NMOC concentration data at the specified intervals, as
described in Section 9.1. If the value for the NMOC emission rate from the
Tier 3 testing still equals or exceeds 150 Mg/yr then controls must be
installed within one year of the Tier 3 results. If the Tier 3 emission
rate calculation is below 150 Mg/yr then the Tier 3 calculation must be
repeated annually, while updating the NMOC concentration data at the
specified intervals, as described in Section 9.1.

The Tier 3 test will be valuable for those landfills that need to
install collection systems, because, as discussed in Section 9.2, flow rates
obtained may be used in designing the collection system. Additionally, the |
test wells can serve as collection wells, if they meet the operating
criteria,

After the collection and control systems have been installed, the
owner/operator has 90 days to complete and submit the initial performance
test results. Also, semiannual compliance reports must be submitted in
which the following would be included: (1) any period in which the value of
any of the monitored operating parameters falls outside the ranges
identified in the initial performance test; (2) results of all annual
performance tests; (3) identification of any periods for which data were
excluded from these calculations; (4) any period when air pollution control
equipment malfunction occurred.

Upon closure of the Tandfill, a closure report must be filed. If,
after closure, the landfill meets the criteria outlined in Section 9.1 for
discontinuing control, the landfill owner/operator must submit a report.

The report should include documentation verifying that the collection and
control system has been operating according to the specifications for a
minimum of 15 years and that the NMOC mass emission rate has been below
150 Mg/yr for three consecutive 90 day-periods.

The 1andfill owner/operator may discontinue control upon the State’s
verification that the above requirements have been met.
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The proposed reguiation would also require that certain types of
records be maintained. Records of the accumulated refuse in place,
collection system design (including proposed and subsequent well or trench
spacing), control device vendor specifications, the initial performance test
results, and monitoring parameter established during the initial performance
test, must be maintained on site as lTong as the co]]ection system and
control devices are required to be operated.
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APPENDIX A
EVOLUTION OF THE BACKGROUND INFORMATION DOCUMENT

A.1 INTRODUCTION

The purpose of this study was to develop background information to
support New Source Performance Standards (NSPS) for Municipal Solid Waste
Landfills (MSW landfills). Work on this stddy was performed by the Radian
Corporation from August 1987 to 1990 under contract with the
U. S. Environmental Protection Agency, Office of Air Quality Planning and
Standards.

The following chronology lists the major events which have occurred
during the development of background information for the MSW landfills NSPS.
Major events are divided into three categories: (1) site visits,

(2) meetings and briefings, (3) reports and mailings.

G.2 SITE VISITS

November 16, 1987 Site visit to Puente Hills Landfill,
Whittier, CA

November 17, 1987 Site visit to Toyon Canyon Landfill Power Station,
Los Angeles, CA

November 18, 1987 Site visit to Palos Verdes Landfill,
Whittier, CA

November 18, 1987 Site visit to Rossman Landfill,
Oregon City, OR

Oecember 15, 1987 Site visit to Rumpke Landfill,
Greensboro, NC

September 13, 1989 Site visit to Wilder’s Grove Landfill,
- Raleigh, NC

G.2 MEETINGS AND BRIEFINGS

November 16, 1987 Meeting with representatives of the Los Angeles
County Sanitation District

November 17, 1987 Meeting with representatives of the South Coast
Air Quality Management District
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G.3

March 21-24, 1988

May 17, 1988

May 18-19, 1988

June 8, 1988

August 24, 1988

October 5, 1988
January 19, 1989
March 16, 1989

March 20-24, 1989

May 4, 1989
June 7, 1989

September 6, 1989

Presentation at Governmental Refuse Collection and
Disposal Association symposium, Houston, TX

Meeting with representatives of the Governmental
Refuse Collection and Disposal Association to
discuss comments on draft background information
document

Presentation at the National Air Pollution Control
Techniques Advisory Committee (NAPCTAC)

Meeting with representatives of Waste Management,
Inc., to discuss comments on draft background
information document

Meeting with Waste Management of North America,
Inc. and the landfill Gas Committee of the
Governmental Refuse Collection and Disposal
Association, to discuss comments on draft
background information document

Meeting with representatives of Browning-Ferris
Industries to discuss status of project

Meeting with Browning-Ferris Industries to discuss
responses to Section 114 letters

Meeting with Waste Management, Inc. to discuss
status of project and Section 114 responses

Presentation of status of project at Governmental
Refuse Collection and Disposal Association
symposium, Monterey, CA

Presentation of status of project at National Solid
Waste Management Association (NSWMA) in Chicago, IL

Presentation at the National Air Pollution Control
Techniques Advisory Committee (NAPCTAC)

Meeting with representatives of Combustion
Engineering to discuss comments on field test
procedures

REPORTS AND MAILINGS

April 5, 1988

Mailing for NAPCTAC meeting on May 18, 1988
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March 15, 1989 Mailing for public comment on the preliminary
analysis of the design and costing for collection
systems

July 14, 1989 Mailing for public comment on draft field test
procedures and test methods
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APPENDIX B
INDEX TO ENVIRONMENTAL CONSIDERATIONS

A.1 INTRODUCTION

This appendix consists of a reference system which is cross indexed
"with the October 21, 1974, Federal Registef (30 FR 37419) containing EPA
guidelines for the preparation of Environmental Impact Statements. This
index can be used to identify sections of the document which contain data
and information germane to any portion of the Federal Register guidelines.
The are, however, other documents and docket entries which also contain
data and information, of both a policy and a technical nature, used in
developing the proposed standards. This appendix specifies only the
portions of this document that are relevant to the indexed items.
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TABLE B-1. [INDEX TO ENVIRONMENTAL CONSIDERATIONS

Agency quideline for preparing
regulatory action environmental
impact statements (39 FR 37419)

Location within

the background information document

[ Background and Summary of
ngu]atorx Alternatives

- Regulatory alternatives

- Statutory basis for
proposing standards

- Source category and
affected industries

- Emission control
technologies

0 Environmental, Energy, and
Economic Impacts of
Requlatory Alternatives

- Regulatory alternatives

- Environmental impacts

- Energy impacts

- Cost impacts

- Economic impacts

The regulatory alternatives are

- summarized in Chapter 5.

The statutory basis for the proposed
standards is summarized in Chapter 1.

A discussion of the source category
is in Chapter 3; details of the
"business/economic” nature of the
industries affected are presented in
Chapter 8. Affected are presented
in Chapter 8.

A discussion of emission control
technologies is presented in
Chapter 4.

Various regulatory alternatives are
discussed in Chapter 5.

The environmental impacts of various
regulatory alternatives are presented
in Chapter 6, Section 6.1, and 6.2.

The energy 1mpacts of various
regulatory alternatives are
presented in Chapter 6, Section 6.3.

Cost impacts of various regulatory
alternatives are presented in
Chapter 7. ‘

The economic impacts of various
regulatory alternatives are
presented in Chapter 8.
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APPENDIX C

LANDFILL GAS COMPOSITION DATA

The speciated landfill gas composition data for 46 municipal solid
waste landfills are presented in Table C-1. This data was obtained from
Section 114 responses and South Coast Air Quality Management District Test
Reports. The identity of the landfills evaluated have been withheld due to
the presence of confidential business information. A1l of the data is
reported in ppmv unless otherwise noted.
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APPENDIX D: GAS GENERATION RATE MODELING

This appendix provides samples calculations for estimating the landfill
air emission rate using the Scholl Canyon model, as well as, a brief
discussion of alternative methods. Section D.1 contains a short description
of the Scholl Canyon model and sample calculations for 4 model cases.
Section D.2 discusses the emission factor method, the SCAQMD method and the
Municipal Waste Generation Rate method as alternative techniques for
estimating nationwide landfill air emissions.

D.1 Scho11 Canvon Model.

The Schdﬁl-Canyon model is a single stage, first order kinetic model.
Tt assumes that after a negligible lag time during which anaerobic
conditions are estabiished, the gas production rate is at its peak. After
the lag time, the gas production rate is assumed to decrease exponentially
as the organic fraction of the landfill refuse decreases. The model

equation is as_foﬂows:1
i I L
where,
dG h . 3
4t - Methane production rate, ft”/1b of refuse-yr.
k = rate constant, 1l/year
t = time, year
L0 = total volume of methane ultimately to be produced,

££3/1b of refuse

D-1



If the refuse mass is broken down into the submasses which are placed during
each year of the landfill’s operation, the model equation is:

de n
— = kL = kL r. -exp (-k;t.)
dt 0 a1 1 i~
where,
ry = fraction of total refuse mass contained in submass i
ti = time from placement of submass i to point in time at which
composite production rate is desired, yr
ki =

gas production rate constant for submass i, 1/year

The rate constant , k, can be calculated if the time and quantity of each
refuse submass placement, and the gas flowrate at a given time are known.
Once k is calculated from the equation, the methane generation rate at any
time can be estimated. Figure D-1 depicts the Scholl Canyon model
simulation for two different values of Lo.2

D.1.1 Sample Calculations Using Scholl Canyon Model

This section discusses how to use the Scholl Canyon Model to estimate
gas generation for several hypothetical landfills (Case 1 through 4 below).
In case 1, information on how to estimate the VOC emission rate and toxic
compound emission rate is also presented. To use the model, it is necessary
for the landfill owner or operator to obtain representative values of gas
generation rate, nonmethane organic compound concentration, and toxic
compound concentration via field testing (as discussed in Chapter 9.0).
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D.1.1.1 Case ]

Given: Landfill A was in operation for 15 years accepting refuse at
an average rate of 133,300 Mg/yr. It closed after 15 years
of operation with 2 x-106 Mg of refuse in place (RIP).

Test well data conducted one year after closure (16 years
after initial placement of refuse), indicated that Landfill A
js capable of producing 0.0715 ft3/1bfyr of methane gas.

Test well data also showed that the average concentration of
nonmethane organic compounds is 1500 ppm and the
concentration of toxic compounds is as follows: benzene

(120 ppm), methylene chloride (50 ppm), vinyl chloride

(100 ppm).

Calculate: Kinetic constant (k), methane generation rate as a function
of time, emission rate of VOC, and emission rate ¢f toxic
compounds.

1. First, reduce test well data to the actual recoverable methane

production rate.

Total recoverable methane gas rate = (test well flowrate)(refuse in

place)

(0.0715) (2 x 1012 g) _1b
454 g

" Total recoverable methane gas rate

3

315 x 10° £t3 methane/yr.



2. Calculate the fraction of submass i, s by treating yearly
accumulation as the mass of submass i.

ro . 133,300

j = 0.0667

2 x 10°

3. Calculate the kinetic constant, k, using the recoverable methane gas
rate calculated in Step 1 and t of 16 years.

ti = 15
%% Kk L0 Mt 2 exp [-k (ti + tc)]
t =16 i
where, tc = time after closure (= 1 year)

=
il

t amount of refuse accumulated at time t

ti + tc = age of submass i

[Note that the actual age of the submass i is corrected by adding the time
after closure.]

Assuming L0 of 100 Tliter CH4/Kg refuse or 3.53 x 103 ft3 CH4/Mg refuse,
315 x 10° £t3 cH, , ft°CH, 5
vr =k (3.53 x 10 m ) (2 x 107 Mg refuse)
i=15
X (0.0667) exp [-k (t + 1)]
i=1
i=15
0.669 =

k 3 exp [-k (ty + 1]
i=1

kK {exp (-2k) + exp (-3k) + . . . exp (-16k)}
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Solving for k by trial and error procedures, k = 0.1 1/yr.

Express the model equation with calculated k.

i=15
EE = k Lo Mt L ry exp [-k_(ti + tc)]
dt
3 6 b 1d
= (0.1) (3.53 x 107) (2 x 107) (0.0667) 2: exp [-0.1 (ti + tc)]
t. =1
i
74,215 3 CH,
= 4,707 x 10 2: exp [-0.1 (ti + tc)] in ft (1)
ty = 1 yr

The future methane gas generation rate now can be calculated by
changing tc. For example, the methane gas generation 5 years after
closure may be calculated by setting tc = 5 in Equation (1).

The methane gas generation rate before closure can be calculated by
modifying the equation (1).

dG | ty = exp (-k t;)
— (before closure) = (k Lo Mn) 2: (2)
dt ti =1 (n)
where, Mn = amount of refuse accumulated over n years.
n = number of years since the initial placement of refuse

but before closure

dG 3 tiii n
- (before closure) = (0.1)(3.53 x 10°) M_, & | exp (-0.1t;)
1
n
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Figure D-2 shows the methane generation rate as a function of time for
Landfill A.

7. The VOC emission rate can be calculated by inputting the nonmethane
organic compound (i.e. VOC) concentration measured during field

testing. The example below represents VOC emissions in year 16 of the
landfill.

- The methane generation rate (315 x 106 ft3/yr) should be

multip]ied by 2 to calculate total gas generation. This step
assumes that landfill gas is 50 percent methane.

6

o 315 x 10° ft3/yr x 2 = 630 x 10° ft3/yr

Using the calculated nonmethane organic compound concentration of
1500 ppm and assuming an average VOC molecular weight of 80:

o 630 x 10 ft3| 0.0015_VOC l 1b mol ' 80 1b
yr [359 73 | 1b mot

210,000 1b VOC per year
95 Mg VOC per year

8. The toxic compound emission rate can be calculated by inputting the
concentration of each toxic compound measured during field testing.

The example below represents toxic compound concentration in year 16 of
the Tandfill. '

o 630 x 10° £t3| 0.00012 benzene , 1b_mo] |78 1b
oo | 359 ft° |1b moT

= 16,400 1b benzene = 7,400 kg benzene
yr yr
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Methane Gas Genaration Rate (SCFM)

Methane Gas Generation Rate

RIP = 2X10~6 Mg, 15 Yr Active Life
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Figure D-2. Methane gas generation rate as a function of time.



o 630 x 105 £t3 l 000005 MC ’ 1b mol | 85 1b
yr | | 359 ft3| 1b mo1

= 7,450 1b MC = 3,380 kg MC
yr yr

o 830 x 105 £t3 | 0.00015 vcl 1b_mo] | 6216

o | 359 #t3 1b mol
= 16,300 1b Vinyl Chloride = 7,400 kg VC
yr yr
D.4.2 Case 2
Given: Landfill B was in operation for 15-years accepting refuse at

an average rate of 133,300 Mg/yr. It clsoed after 15 years
of operation with 2 x 106 Mg of refuse in place (RIP). Test
well data conducted two years after closure (17 years after
initial placement of refuse), indicated that Landfill B is
capable of producting 0.061 ft3/1b-yr of methane gas.

Calculate: Kinetic constant (k) and methane generation rate as a
function of time.

1. First, reduce test well data to the actual recoverable methane
production rate.

Total recoverable methane gas rate = (test well flowrate)(refuse in
place)



Total recoverable methane gas rate = (0.061) (2 x 1012 g) _1b

454 g

6

- 269 x 10% ft3 methane/yr.

Calculate the fraction of submass i,.ri, by treating yearly
accumulation as the mass of submass i.

ry . 133300 _ o ocer
2 x 108

Calculate the kinetic constant, k, using the recoverable methane gas
rate calculated in Step 1 and t of 17 years.

ti =15
dG kL, My L exp [-k (t; + t)]
dt = t, =1 | vooc
t =17 i
where, tc = time after closure (= 2 years)

1l

Mt amount of refuse accumulated at time t
ti + tc = age of submass i

Assuming L0 of 100 liter CH4/Kg refuse or 3.53 X 103 ft3 CH4/Mg refuse,

269 x 10° ft3 CH, , ftCH, 6
) yr =k (3.53 x 10 m ) (2 x 107 Mg refuse)
i =15
X Y (0.0667) exp [-k (t + 2)]
i=1
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15
1
k {exp (-3k) + exp (-4k) + . . . exp (-17k)}

i
k
i

0.571

IIM ]

exp [-k (t; +2)]

il

Solving for k by trial and error procedures, k = 0.2 1/yr.

Express the model equation with calculated K.

i=15
EE =k Lo My 1
dt

r. exp [-k (ti + tc)]

™7

1

t, =15
= (0.2) (3.53 x 103) (2 x 106) (0.0667) 12: exp [-0.1 (ti + tc)]
t

i

5 ti = 15 3 CH4
=9.414 x 10° ") exp [-0.2 (t; +t )] in ft
ti =-1 yr

The methane gas generation rate before closure can be calculated by:

d6 ty=n
— (before closure) = (k L, Mn) 2: exp (-k ti) (2)
t . ————————————————

dt
(n)

1

where, M

amount of refuse accumulated over n years.

>
]

number of years since the initiat placement of refuse
but before closure

de , tifi n
— (before closure) = (0.2)(3.53 x 107) Mn p. 2 exp (-O.Zti)

dt - i

D-11



Figure D-3 shows the methane generation rate as a function of time for
Landfill B. '

D.4.3 Case 3

Given: Landfill C was in operation for 15 yeaks actepting refuse at
an average rate of 333,300 Mg/yr. It closed after 15 years
of operiaton with 5 x 106 Mg of refuse in place (RIP). Test
well data conducted one year after closure (16 years after
initial placement of refuse), indicated that Landfill C is
capable of producing 0.0715 ft3/1b-yr of methane gas.

Calculate: Kinetic constant (k) and methane generation rate as a
function of time.

1. First, reduce test well data to the actual recoverable methane
production rate.

Total recoverable methane gas rate = (test well flowrate)(refuse in

place)
Total recoverable methane gas rate = (0.0715) (5 x 1012 g) _1b
454 g
_ 6 3
= 790 x 10° ft* methane/yr.

2. Calculate the fraction of submass i, ri by treating yearly

accumulation as the mass of submass 1.

r. _ 333,300

i = 0.0667

5 x 108

D-12
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- Calculate the kinetic constant, k, using the recoveréb]e methane gas
rate calculated in Step 1 and t of 16 years.

t. =15
. 1
de _kLg M Y exp [k (t, +t)]
dt = 0ty T LI
t =16 i
where, t_ = time after closure (= 1 year)
Mt = amount of refuse accumulated at time t

t, +t. = age of submass i

Assuming L0 of 100 Titer CH4/Kg refuse or 3.53 x 103 ft3 CH4/Mg refuse,

790 x 10° £t3 cH, ; ft CH, 6
T =k (3.53 x 10 Wig refuse ) (5 x 10° Mg refuse)
i=15
X Y (0.0667) exp [-k (t + 1)]
i=1
i=15
0.669 =k )  exp [-k (t; + 1))
i=1
= k {exp (-3k) + exp (-4k) + . . . exp (-17k)}
Solving for k by trial and error procedures, k = 0.1 1/yr.
Express the model equation with calculated k.
i=15
EE = kL, M iz; 1 riexp [-k (t, +t))]

t, = 15
- (0.1) (3.53 x 10%) (5 x 10%) (0.0667)t‘§: | o [-0.1 (ty + t)]

1
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CH

34

yr

t, = 15
1177 x 107 'Y 7 exp [-0.1 (t; + t)] in ft
t. <1
1

5. The methane gas geheration rate before closure can be calculated by:

dG | ty=n |
— (before closure) = (k Lo M) E: exp (-k ti) (2)
dt n ti = _—
(n)
where, Mn = amount of refuse accumulated over n years.
n = number of years since the initial placement of refuse
but before closure
d6 s N ii n
— (before closure) = (0.1)(3.53 x 10°) M t. 21 eXp (-0.1t.)
dt — Nty = !

n
Figure D-4 shows the methane generation rate as a function of time.

D.4.4 Case 4

Given: Landfill D was in operation for 15 years accepting refuse at
an average rate of 333,300 Mg/yr. It closed after 15 years
of operation with 5 x 106 Mg of refuse in place (RIP). Test
well data conducted two years after closure (17 years after
initial placement of refuse), indicated that Landfill D is
capable of producing 0.061 ft3/1b-yr of methane gas.

Calculate: Kinetic constant (k) and methane generation rate as a
function of time.
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Figure D-4. Methane gas generation rate as a function of time.
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First, reduce test well data to the actual recoverable methane
production rate.

Total recoverable methane gas rate = (test well flowrate)(refuse in
place)

(0.061) (5 x 1012 g) _1b
454 g

Total recoverable methane gas rate

680 x 10° ft3 methane/yr.

Calculate the fraction of submass i, ris by treating yearly
accumulation as the mass of submass i.

r. _ 333,300

i = 0.0667

5 x 10°

Calculate the kinetic constant, k, using the recoverable methane gas
- rate calculated in Step 1 and t of 17 years.

t. =15
i

dG JklgM L exp [k (t; +t0)]
dt B t. =1

t =17 i
where, tc = time after closure (= 2 years)

Mt = amount of refuse accumulated at time t

ti + tc = age of submass i
Assuming Lo of 100 liter CH4/Kg refuse or 3.53 x 10° ft3 CH4/Mg refuse,
680 x 10° ft? cH, , 2o, 5

vr =k (3.53 x 10 Mg vefuse ) (5 x 107 Mg refuse)
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L ey

i =15
X TE: | (0.0667) exp [-k (t + 2)]
1=1.

i=15 .
0.571 = k 5  exp [-k (t; +2)]
i= .

= k {exp (-3k) + exp (-4k) + . . . exp (~17k))

Solving for k by trial and error procedures, k = 0.2 1/yr.

Express the model equation with calculated k.

15

dé = k L0 Mt . ri exp [-k (ti + tc)]

JR— i=

dt

o
n

| t, = 15
- (0.2) (3.53 x 10%) (5 x 10%) (0.0667) 1T exp [-0.2 (t, + t)]
' t

i

7 ti =15 3 CH
exp [-0.2 (ti + tc)] in ft

ti =1 yr

4

= 23.54 x 10

The methane gas generation rate before closure can be calculated by:

t. =n
dG i
— (before closure) = (kL M) &  exp (-k t.)
dt 0 M. =] —m-
! (n)
where, Mn = amount of refyse accumulated over n years.
n = number of years since the initial placement of refuse

but before closure
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de o Han
— (before closure) = (0.2)(3.53 x 10°) M L | exp (-0.2t,)
dt i

n

Figure D-5 shows the methane generation rate as a function of time.

D.2 Alternative Methods

The emission factor method, the SCAQMD method, and the Municipal Waste
Generation method are examples of alternative techniques for estimating
landfill air emissions. A comparison of these methods to the Scholl Canyon
method is presented in Table D-1. Section D.2.1 describes the emission
factor method, while the SCAQMD method and the Municpal Waste Generation
method are described in Sections D.2.2 and D.2.3, respectively.

D.2.1 Emission Factor Method.

The emission factor method, 1ike the Scholl Canyon method uses
information from the EPA survey of municipal landfills to predict nationwide
emission estimates. The design capacity of each e]igib]é landfill is scaled
using the appropriate factor, as discussed in Section 3.3.4, and multipliied
by an emission factor based on the location of the landfill. The SCAQMD
emission factor 13.6 tons NMOC/million tons of refuse-yr and a 2.6 location
factor (accounting for gas generation in wet states) can be used. A "wet"
state is defined as a state with an annual precipitation of at Teast 23
inches. Figure D-6 illustrates the calculation scheme.

D.2.2 SCAQMD Method.

An alternate method of estimating the current nationwide landfill air
-emission rate is to use the SCAQMD 1984 approach which estimated 300 millien
metric tons of refuse accumulated over 26 years (1957-1983) for 10 million
people in the South Coast Air Basin.
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Figure D-5. Methane generation rate as a function of time.
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TABLE D-1. NATIONWIDE NMOC EMISSION RATE FROM
EXISTING LANDFILLS IN 1987.

Landfill air

~ Source Thousand Comments
emission Mg NMOC/yr
estimation
method
EPA LF Survey Scholl Canyon 200 Potential NMOC
emissions from all
existing Tandfills.
Reference year 1992.
EPA LF Survey Emission Factor 335 Potential NMOC
emissions from atll
existing landfills.
SCAQMD 1984 Based on refuse 243 "Current" NMOC

1986 EPA-sponsored
Study

in place in Southern
California generated
by 10 million people.

Based on the yearly 74.8
estimates of municipal
generated from

1960 to 2000.

D-21
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Eligible OSW Survey Responses

|

Calculate Scale Féctors
for Smalil & Large LFs

For Each LF

Scaled Des.Cap. = Scale Factor X Design Capacity

LFs in Dry States LFs in Wet States

Potential VOC Emissions = Potantial VOC Emissions »

(13.6 Mg v0C/yr-10° Mg Refuse)(Scaled Des.Cap.) (13.6 mg voe/yr-10% my Retuse)(Scalew Ovs.Cas.)(2.6)

Sum

TOTAL POTENTIAL NATIONWIDE VOC EMISSION RATE
FROM ALL EXISTING ACTIVE MUNICIPAL LANDFILLS

Figure D-6. Calculation schematics for emission factor method.
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The in-place refuse for the South Coast in 1983 was estimated using the
refuse generation rate per capita and population estimates:
The major assumptions made in the-South Coast study were:

0 The average refuse generation rate of 7.9 1bs refuse/capita-day
was assumed to be constant over the 26 year period.

0 Refuse has been accumulated since 1957. (Prior to 1957, most of
refuse was incinerated).

o All municipal waste generated is disposed in landfills.
The nationwide 1andfill air emission rate can be estimated by scaling
the SCAQMD refuse in place to the national level. The following additional
assumptions were made to scale to the national level:

0 15 percent of the U.S. population lives in "dry" states and 85%
lives in "wet" states.

o The U.S. population in 1987 is 277 million.

0 The SCAQMD emission factor of 13.6 Mg VOC/million Mg of refuse-yr is
used.

o The emission rate from landfills in "wet" states (>21" of annual
precipitation) is 2.6 times greater on a per Mg of refuse basis.

Calculation of the Nationwide Tandfill air emission rate using this approach
is shown below:

0 Current Nationwide VOC Emission Rate from Wet States,

= 300 x 106 Mg refuse
10 x 10° people

6

277 x 10~ people x 0.85 x

13.6 Mg voC
yr -106 Mg refuse

X 2.6 = 249,800 Mg VOC/yr

0 Current Nationwide VOC Emission Rate from Dry States,

300 x 10° Mg refuse
10 x 106 people

x 277 x 106 people x 0.15 x

13.6 Mg voC
yr -106 Mg refuse

= 16,950 Mg VOC/yr
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0 Total Current Nationwide VOC Emission Rate = 267,000 Mg VOC/yr

D.2.3 Municipal Waste Generation Rate Method. The municipal solid
waste generation rate from 19§0 to 2000 was integrated over the period of
1960 to 1987 (see Figure D-7)° to yield the total amount of municipal waste
generated over the past 27 years. By assuming that 85 percent of the
municipal waste generated is disposed by Tandfill methods and 85 percent of
the U.S.A. population lives in "wet" states, the nationwide Tandfill air
emission rate based on the municipal waste generation rate can be
calculated. The assumption that 85 percent of the natiogwide municipal
waste is based on the estimate provided in an EPA study.  The remaining 15
percent is reportedly combusted.

The nationwide landfill air emission rates from new landfills were then
calculated using the same calculation scheme shown in Figure D-6. The
national potential landfill air emission rate in 1993 and actual Tlandfill
air emissionrate expected in 1993 from new Tandfills are estimated to be
52,000 megagrams/yr and 16,000 megagrams/yr, respectively. The results are
also shown in Table D-1..
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Million tons

Figure D-7. Gross discards, materials recovery, energy recovery,
and discards of municipal solid waste 1960 to 2000.
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APPENDIX E
TEST METHODS AND PROCEDURES

Appendix E contains the three test methods developed by EPA for
proposal as part of this rulemaking. These include proposed
Method 23 - Determination of Landfill Gas Production Flow Rate, which begins
on the following page, proposed Method 3C - Determination of Carbon Dioxide,
Methane, Nitrogen, and Oxygen from Stationary Sources, which begins on
page E-21, and proposed Method 25C - Determination of Nonmethane Organic
Compounds (NMOC) in Landfill Gas, which begins on page E-27.
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APPENDIX E - REFERENCE METHODS

* METHOD 2E - DETERMINATION OF LANDFILL GAS
GAS PRODUCTION FLOW RATE

1. Applicability and Principle

1.1 Applicability. This method applies to the measurement of
landfill gas (LFG) production flow rate from municipal solid waste
landfills and is used to calculate the flow rate of nonmethane organic
compounds (NMOC) from landfills.

1.2 Principle. Extraction wells are installed either in a
cluster of three or at five dispersed locations in the 1andfil1.- A
blower is used to extract LFG from the landfill. LFG composition,
landfill pressures, and orifice pressure differentials from the wells
are measured and the landfill gas production flow rate is calculated.

1.3 Safety. Since this method is complex, experienced personnel
only should perform the test. Explosion-proof equipment shall be used
for testing because of the potential explosion hazard of the landfill
gas. No smoking shall be allowed on the landfill site during testing.
Breathing protection is recommended.

2. Apparatus

2.1 Well Drilling Rig. Capable of boring a 24-in. diameter hole

into the landfill to a minimum of 75 percent of the landfill depth.

The depth of the well shall not exceed the bottom of the landfill or
the liquid Tlevel.






2.2 Gravel. No fines, 1 to 3 in. in diameter,

2.3 Bentonite.

2.4 Backfill Material. Clay, soil, and sandy loam have been
found to be acceptable.

2.5 Extraction Well Pipe. Polyvinyl chloride (PVC), high density
polyethylene (HDPE), fiberglass, or stainless steel, with a minimum
diameter of 4 in.

2.6 Well Assembly. PVC ball or butterfly valve, sampling ports
at the well head and outlet, and an in-line orifice meter. A schematic
of the well assembly is shown in Figure 1.

2.7 Cap. PVC or HDPE.

2.8 Header Piping. PVC or HDPE.

2.9 Auger. Capable of boring a 6- to 9-in. diameter hole to a
depth equal to the top of the perforated section of the extraction
well, for pressure probe installation.

2.10 Pressure Probe. PVC or stainless steel (316), l-in.
Schedule 40 pipe. Perforate the bottom two thirds. A minimum
requiremént for perforations is with four 1/4-in. diameter holes spaced
90° apart every 6 in.

2.11 Blower and Flare Assembly. Explosion-proof blower, capable
of pulling a vacuum of 25 in. HZO and of extracting LFG at a flow rate
of 300 fts/min, a water knockout, and flare or incinerator.

2.12 Standard Pitot Tube and Differential Pressure Gauge for Flow
Rate Calibration with Standard Pitot. Same as Method 2, Sections 2.7
and 2.8,

2.13 Orifice Meter. Orifice plate, pressure tabs, and pressure
measuring device to measure the LFG flow rate.

2.14 Barometer. Same as Method 4, Section 2.1.5.
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‘Figure 1. Schematic of above ground assembly.
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2.15 Diffefential Pressure Gauge. Water-filled U-tube manometer
or equivalent, capable of measuring within 0.01 in. H20, for measuring
the pressure of the pressure probes.

3. Procedure

3.1 Placement of Extraction Wells. The landfill owner or
operator may install a single cluster of three extraction wells in a
test area or space five wells over the landfill. The cluster wells are
recommended but may be used only if the composition, age of the refuse,
and the landfill depth of the test area can be determined.

3.1.1 Cluster Wells. Consult landfill site records for the age
of the refuse, depth, and composition of various sections of the
landfill. Select an area near the perimeter of the landfill with a
depth equal to or greater than the average depth of the landfill and
with the average age of the refuse between 2 and 10 years old. Avoid
areas known to contain nondecomposable materials, such as concrete and
asbestos. Locate wells as shown in Figure 2.

3.1.1.1 The age of the refuse in a test area will not be uniform,

so calculate a weighted average to determine the average age of the

refuse as follows.

avg

Aavg Average age of the refuse tested, yr.
th

~—+
]

Fraction of the refuse in the i section.

Age of the ith fraction, yr.

™
(]
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Figure 2. Cluster well placement.
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3.1.2 Equal Volume Wells. Divide the sections of the landfill
that are at least 2 years old into five areas represenfing equal
volumes. Locate an extraction well near the center of each area.

3.2 Installation of Extraction Wells. Use a well drilling rig to
dig a 24-in. diameter hole in the landfill to a minimum of 75 percent
of the 1andfill depth, not to exceed the bottom of the landfill or the
1iquid level. Perforate the bottom two thirds of the extraction well
pipe. A minimum requirement for perforations is with four 1/2-in.
diameter holes spaced g0° apart every 4 to 8 in. Place the extraction
well in the center of the hole and backfill with gravel to a level 1 ft
above the perforated section. Add a layer of backfill material 4 ft
thick. Add a layer of bentonite 3 ft thick, and backfill the remainder
of the hole with cover material or material equal in permeability to
the existing cover material. The specifications for extraction well
installation are shown in Figure 3.

3.3 Pressure Probes. Locate pressure probes along three radial
arms approximately 120° apart at‘distances of 10, 50, 100, and 150 ft
from the extraction well. The tester has the option of locating
additional pressure probes at distances every 50 feet beyond 150 ft.
Example placements of probes are shown in Figure 4. The probes 50,
100, and 150 ft (and any additional probes located along the three
radial arms) from each well (deep probes) shall extend to a depth equal
to the top of the perforated section of the extraction wells. All
other probes (shallow probes) shall extend to a depth equal to half the
depth of the deep probes.

3.3.1 Use an auger to dig a hole, 6- to 9-in. in diameter, for
each pressure probe. Perforate the bottom two thirds of the pressure

probe. A minimum requirement for perforations is four 1/4-in. diameter
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holes spaced 90° apart every 6 in. Place the pressure probe in the
center of the hole and backfill with gravel to a level 1 ft above the
perforated section. Add a layer of backfill material at least 4 ft
thick. Add a layer of bentonite at least 1 ft thick, and backfill the
remainder of the hole with cover material or material equal in
permeability to the existing cover material. The specifications for_
pressure probe installation are shown in Figure 5.

3.4 LFG Flow Rate Measurement. Locate an orifice meter as shown
in Figure 1. Attach the wells to the blower and flare assembly. The
individual wells may be ducted to a common header so that a single
blower and flare assembly and orifice meter may be used. Use the
procedures in Section 4.1 to calibrate the orifice meter.

3.5 Leak Check. A leak cheék of the above ground system is
required for accurate flow rate measurements and for safety. Sample
LFG at the well head sample port and at the outlet sample port. Use
Method 3C to determine nitrogen (NZ) concentrations. Determine the

difference by using the formula below.

Difference = C0 - C,
where,
Cw = Concentration of N2 at the wellhead, ppm.
CO = Concentration of N2 at the outlet, ppm.
The system passes the leak check if the difference is less than 10,000.
3.6 Static Testing. Close the control valves on the wells during

static testing. Measure the gauge pressure (Pg) at each deep pressure

probe and the barometric pressure (Pbar) every 8 hr for 3 days.
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Convert the gauge pressure (in. HZO) of each deep pressure probe to
absolute pressure (in. HZO) by using the following equation. Record as
Pi‘

Pi (in. H20) = (0.5353) Pbar (mm Hg) + Pg (in. HZO)

3.6.1 For each probe, average all of the 8-hr deep pressure probe

readings and record as Pia' P.. is used in Section 3.7.6 to determine

ia
the maximum radius of influence.

3.6.2 Measure the static flow rate of each well once during
static testing.

3.7 Short Term Testing. The purpose of short term testing is to
determine the maximum vacuum that can be applied to the wells without
infiltration of air into the landfill. The short term testing is done
on one well at a time. Burn all LFG with a flare or incinerator.

3.7.1 Use the blower to extract LFG from a single well at twice
‘the static flow rate of the respective well measured in Section 3.6.2.
If using a single blower and flare assembly and a common header system,
close the control valve on the wells not being measured. Allow 24 hr
for the system to stabilize at this flow rate.

3.7.2 Test for infiltration of air into the landfill by measuring
the gauge pressures of the shallow pressure probes and using Method 3C
to determine the LFG N2 concentration. If the LFG N2 concentration is
Tess than 1 percent and all of the shallow probes have a positive gauge
pressure, increase the blower vacuum by 2 in. HZO’ wait 24 hr, and
repeat the tests for infiltration. Continue the above steps of
increasing blower vacuum by 2 in. HZO’ waiting 24 hr, and testing for

“infiltration until the concentration of N2 exceeds 1 percent or any of
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the shallow probes have a negative gauge pressure, at which time reduce
the blower vacuum so that the N2 concentration is less than ] percent
and the gauge pressures of the shallow probes are positive.

3.7.3 At this blower vacuum, measure Pbar every 8 hr for 24 hr
and record the LFG flow rate as QS and the probe gauge pressures for
all of the probes as Pf; Convert the gauge préssures of the deep
probes to absolute pressures for each 8 hr reading at Qs as follows.

Pf (in. HZO) = (0.5383) P (mm Hg) + Pf (in. HZO)

bar
3.7.4 For each probe, average the 8-hr deep pressure probe

readings and record as Pfa' ‘
3.7.5 For each probe, compare the initial average pressure (Pia)

from Section 3.6.1 to the final average pressure (Pfa)' Determine the

furthermost point from the well head along each radial arm where

Pfa <P This distance is the maximum radius of influence, which is

the distance from the well affected by the vacuum. Average these

values to determine the average maximum radius of influence (Rma)'

3.7.7 Calculate the depth (D) affected by the extraction well as

follows.

DSt = WD + Rma

where,

WD = Well depth, ft.
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3.7.8 Calculate the void volume for the extraction well (V) as

follows.

veou40 R 2D,

3.7.9 Repeat the procedures in Section 3.7 for each well.

'3.8 Calculate the total void volume of the test wells (V,) by
summing the void volumes (V) of each well.

3.9 Long Term Testing. The purpose of long term testing is to
extract two void volumes of LFG from the extraction wells. Use the
blower to extract LFG from the wells. If a single blower and flare
assembly and common header system are used, open all control valves and
set the blower vacuum equal to the highest stabilized blower ;acuum
demonstrated by any individual well in Section 3.7. Every 8 hr, sample
the LFG from the well head sample port, measure the gauge pressures of
the shallow pressure probes, the blower vacuum, the LFG flow rate, and
use the criteria for infiltration in Section 3.7.2 and Method 3C to
test for infiltration. If Infiltration is detected, do not reduce the
blower vacuum, but reduce the LFG flow rate from the well by adjusting
the control valve on the well héad. Continue until the equivalent of
two total void volumes (Vv) have been extracted, or until Vt = 2 Vv'

3.9.1 Calculate Vy, the total volume of LFG extracted from the

wells, as follows.

n
Yy - 5;% 60 Q; ty;
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t Total volume of LFG extracted from wells, ft3.

<<
[

Qi = LFG flow rate measured at orifice meter at the ith interval,
£t3/min.
t,; = Time of the ith interval (usually 8), hr.

3.9.2 Record the final stabilized flow rate as Qf; If, during
the long term testing, the flow rate does not stabilize, calculate Qf
by averaging the last 10 recorded flow rates.

3.9.3 For each deep probe, convert each gauge pressure to absolute
pressure as in Section 3.7.4. Average these values and record aS'Psa'

For each probe, compare Pia to P Determine the furthermost point

sa’
from the well head along each radial arm where Psa < Pia' This
distance is the stabilized radius of influence. Average these values
to determine the average stabilized radius of influence (Rsa)'

3.10 Determine the NMOC mass emission rate using the procedures
in Section 5.
4. Calibrations

4.1 Orifice Calibration Procedure. Locate a standard pitot.tube
in line with an orifice meter. Use the procedures in Section 3 of
Method 2 to determine the average dry gas volumetric flow rate for at
least five flow rates that bracket the expected LFG flow rates, except
in Section 3.1, use a standard pitot tube rather than a Type S pitot
tube. Method 3C may be used to determine the dry molecular weight. It
may be necessary to calibrate more than one orifice meter in order to
bracket the LFG flow rates. Construct a calibration curve by plotting
the pressure drops across the orifice meter for each flow rate versus

the average dry gas volumetric flow rate in ft3/min of the gas.
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5.

Calculations

Nomenclature.

Average age of the refuse tested, yr.

Age of refuse in the ith

fraction, yr.

Age of landfill, yr.

Acceptance rate, Mg/yr.

NMOC concentration, ppm.

Depth affected by the test wells, ft.

Depth affected by the test wells in the short term test,
ft.

Fraction of decomposable refuse in the landfill.
Fraction of the refuse in the ith section.

Landfill gas generation constant, yr'l.

Methane generation potential, ft3/Mg.

Revised methane generation potential to account for the
amount of nondecomposable material in the landfill, ft3/Mg.
Mass of refuse of the ith section, Mg.
Mass of decomposable refuse affected by the test well, Mg.
Atmospheric pressure, mm Hg.

Gauge pressure of the deep pressure probes, in. HZO'
Initial absolute pressure of the deep pressure probes
during static testing, in. H20.

Average initial absolute pressure of thg deep pressure .
probes during static testing, in. HZO'

Final absolute pressure qf the deep pressure probes during
short term testing, in. HZO‘

Average final absolute pressure of the deep pressure probes

during short term testing, in. HZO‘
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P. = Final absolute pressure of the deep pressire probes during
Tong term testing, in. HZO'

P_. = Average final absolute pressure of the deep pressure probes
during Tong term testing, in. H20.

Q, = Final stabilized flow rate, ft>/min.

Q, = LFG f]oQ rate measured at or%fice meter during the ith
interval, ft3/min.

Q. = Maximum LFG flow rate at each well determined by short term
test, ft3/min.

Qt = NMOC mass emission rate, ft3/m1n.

R_ = Maximum radius of influence, ft.

R_. = Average maximum radius of influence, ft.

R. = Stabilized radius of influence for an individual well, ft.

R_. = Average stabilized radius of influence, ft.

t. = Age of section i, yr.

tt = Total time of long term testing, yr.

V = Void volume of test well, ft3.

V.. = Volume of refuse affected by the test well, ft3.

Vt = Total volume of refuse affected by the Tong term testing,

£t3,

V., = Total void volume affected by test wells, ft3.

WD = Well depth, ft.

P = refuse density, Mg/ft3 (Assume 0.018 Mg/ft3 if data are

unavailable).
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5.2 Use the following equation to calculate the depth affected by
the test well. If using cluster wells, use the average depth of the
wells for WD.

D=WD+ Rsa.

5.3 Use the following equation to calculate the volume of refuse

affected by the test well.
V. =R__T7TD

5.4 Use the following equation to calculate the mass affected by
the test well.

5.5 Modify L0 to account for the nondecomposable refuse in the

landfill.

5.6 In the following equation, solve for k by iteration. A

suggested procedure is to select a value for k, calculate the Teft side
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of the equation, and if not equal to zero, select another value for k.

Continue this process until the left hand side of the equation equals

zero, +0.001.

5.7 Use the following equation to determine Tandfill NMOC mass
emission rate if the yearly acceptance rate of refuse has been

consistent (+10 percent) over the 1ife of the landfill.
— 7 - 'k A -10
Qt =2 L0 Ar (1 -e ) C (1.018 x 10 °7)

5.8 Use the following equation to determine landfill NMOC mass
emission rate if the acceptance rate has not been consistent over the

1ife of the landfill.

n
0, = 2 kL € (1.018 x 1070) 3= m. e-Kby
0 o
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METHOD 3C - DETERMINATION OF CARBON DIOXIDE, METHANE, NITROGEN,
AND OXYGEN FROM STATIONARY SOURCES

1. Applicability and Principle

1.1 Applicability. This method applies to the analysis of carbon
dioxide (COZ),'methang (CH4), nitrogen (Nz), and oxygen (02) in Samp]es
from municipa1'1andfi1ls and other sources when specified in an
applicable subpart of the regulations.

1.2 Principle. A portion of the sample is injected into a gas
chromatograph (GC) and the COz, CH4, NZ’ and 02 concentrations are
determined by using a thermal conductivity detector (TCD) and
integrator,

2. Range and Sensitivity

2.1 Range. The range of this method depends upon the
concentration of samples. The analytical range of TCD’s is generally
between approximately 10 ppm and the upper percent range.

2.2 Sensitivity. The sensitivity limit forra compound is defined
as the minimum detectable concentration of that compound, or the
concentration that produces a signal-to-noise ratio of three to one.
For COZ’ CH4, N2, and 02, the sensitivity 1imit is in the Tlow ppm
range.

3. Interferences

Since the TCD exhibits universal response and detects all gas
components except the carrier, interferences may occur. Choosing the
appropriate GC or shifting the retention times by changing the column

flow rate may help to eliminate resolution interferences.
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To assure consistent detector response, helium is used to prepare
calibration gases. Frequent exposure to samples or carrier gas
containing oxygen may gradually destroy filaments.

4. Apparatus

4.1 Gas Chromatograph. GC having at least the following
componenté: » |

4.1.1 Separation Column. Appropriate column(s) to resolve COZ’
CH4, NZ’ 02, and other gas components that may be present in the
sample. One column that has been advertised to work in this case is
column CTR I available from Alltech Associates Inc., 2051 Waukegan
Road, Deerfield, I11inois 60015. NOTE: Mention of trade names or
specific products does not constitute endorsement or recommendation by
the U. S. Environmental Protection Agency.

4.1.2 Sample Loop. Teflon or stainless steel tubing of the
appropriate diameter. NOTE: Mention of trade names or
specific products does not constitute endorsement or recommendation by
the U. S. Environmental Protection Agency.

4.1.3 Conditioning System. To maintain the column and sample
lToop at constant temperature.

4.1.4 Thermal Conductivity Detector.

4.2 Recorder. Recorder with linear strip chart. Electronic
integrator (optional) is recommended.

4.3 Teflon Tubing. Diameter and length determined by connection
requirements of cylinder regulators and the GC.

4.4 Regulators. To control gas cylinder pressures and flow

rates.

4.5 Adsorption Tubes. Applicable traps to remove any O2 from the

carrier gas.

E-22




§. Reagents

5.1 Calibration and Linearity Gases. Standard cylinder gas
mixtures for each compound of interest with at least three
concentration levels spanning the range of suspected sample
concentrations. The calibration gases shall be prepared in helium.

5.2 Carrier Gas. Helium, -high-purity.

6. Analysis

6.1 Sample Collection. Use the sample collection procedures
described in Methods 3 or 25C to collect a sample of landfill gas
(LFG).

6.2 Preparation of GC. Before putting the GC analyzer into
routine operation, optimize the operational conditions according to the
manufacturen’s specifications to provide good resolution and minimum
analysis time. Establish the appropriate carrier gas flow and set the
detector sahp]e and reference cell flow rates at exactly the same
levels. Adjust the column and detector temperatures to the recommended
levels. Allow sufficient time for temperature stabilization. This may
typically require 1 hour for each change in temperature.

6.3 Analyzer Linearity Chéck and Calibration. Perform this test
before sample analysis. Using the gas mixtures in Section 5.1, verify
the detector linearity over the range of suspected sample
concentrations with at least three points per compound of interest.
This initial check may also serve as the initial instrument
calibration. A1l subsequent calibrations may be performed using a
single-point standard gas provided the calibration point is within
20 percent of the sample component concentration. For each instrument
calibration, record the oarrier and detector flow rates, detector

filament and block temperatures, attenuation factor, injection time,
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chart speed, sample loop volume, and component concentrations. Plot a
linear regression of the standard concentrations versus area values to
obtain the response factor of each compound. Alternatively, response
factors of uncorrected component concentrations (wet basis) may be
generated using instrumental integration. NOTE: Peak height may be
used instead of peak area throughout this method.

6.4 Sample Analysis. Purge the sample loop with sample, and
allow to come to atmospheric pressure before-each injection. Analyze
each sampie in duplicate, and calculate the average sample area (A).
The results are acceptable when the peak areas for‘two consecutive
injections agree within five percent of their average. If they do not
agree, run additional samples until consistent area data are obtained.
Determine the tank sample Eoncentrations according to Section 7.2.

7. Calculations

Carry out calculations retaining at least one extra decimal figure
beyond that of the acquired data. Round off results only after the
final calculation.

7.1 Nomenclature.

A

Average sample area.
B, = Moisture content in the sample, fraction.
C = Component concentration in the sample, dry basis, ppm.
C; = Calculated NMOC concentration, ppm C equivalent.
Ctm = Measured NMOC concentration, ppm C equivalent.
Pbar = Barometric pressure, mm Hg.
Py; = Gas sample tank pressure after evacuation, mm Hg absolute.

Pt = Gas sample tank pressure after sampling, but before

pressurizing, mm Hg absolute.
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tF = Final gas sample tank pressure after pressurizing, mm Hg
absolute.
P = Vapor pressure of H20 (from Table 3C-1), mm Hg.
Tti = Sample tank temperature before sampling, 0.
Tt = Sample tank temperature at completion of sampling, %.
th = Sample tank temperature after pressurizing, %K.
r = Total number of analyzer injections of sample tank during
analysis (where j = indectioﬁ number, 1...r).
R = Mean calibration response factor for specific sample
component, area/ppm.
7.2 Concentration of Sample Components. Calculate C for each
compound using Equations 3C-1 and 3C-2. Use the temperature and
barometric pressure at the sampling site to calculate Bw. .If the
sample was diluted with helium using the procedures in Method 25C, use

Equation 3C-3 to calculate the concentration.

Bibliography

. McNair, H.M., and E.J. Bonnelli.
Consolidated Printers, Berkeley, CA.

p
B = M 3C-1
W pbar
¢ . A 3C-2
R(1-B,)
- =
Pif
¢ - Tie A | 3C-3
L B
T. ~T,.
|t t1

Basic Gas Chromatography.
1969.

E-25



TABLE 3C-1. MOISTURE CORRECTION

0 Vapor pressure o Vapor pressure
Temperature, C of H20, mm Hg Temperature, C of HZO’ mm Hg
6.1 18 15.5
7.0 20 17.5
8.0 22 19.8
10 9.2 24 22.4
12 10.5 26 25.2
14 12.0 28 28.3
16 13.6 30 31.8
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* * k % *

METHOD 25C- DETERMINATION OF NONMETHANE ORGANIC
COMPOUNDS (NMOC) IN LANDFILL GASES

1. Applicability and Principle

1.1 Applicability. This method is applicable to the sampling and
measurement of nonmethane organic compounds (NMOC) as carbon in
landfill gases.

1.2 Principle. A sample probe that has been perforated at one
end is drivan or augered to a depth of 3 feet (ft) below the bottom of
the Tandfill cover. A sample of the landfill gas is extracted with an
evacuated cylinder. The NMOC content of the gas is detgrmined by
injecting a portion of the gas into a gas chromatographic column to
separate the NMOC from carbon monoxide (CO), carbon dioxide (COZ)’ and
methane (CH,); the NMOC are oxidized to €0,, reduced to CH,, and -
‘measured by a flame ionization detector (FID). In this manner, the
variable response of the FID associated with different types of
organics is eliminated.

2. Apparatus

2.1 Sample Probe. Stainless steel, with the bottom third
perforated. The sample probe shall be capped at the bottom and shall
have a threaded cap with a sampling attachment at the tob. The sample
brobe shall be long enough to go through and extend no less than 3 ft
below the landfill cover. If the sample probe is to be driven into the
landfill, the bottom cap should be designed to facilitate driving the
probe into the landfill.
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2.2 Sampling Train.

2.2.1 Rotameter with Flow Control Valve. Capable of measuring a
sample flow rate of 100 i 10 ml/min. The control valve shall be made
of stainless steel.

2.2.2 Sampling Valve. Stainless steel.

2.2.3 Pressure Gauge. U-tube mercury manometer, or equivalent,
capable of measuring pressure to within 1 mm Hg in the range of 0 to
1,100 mm Hg.

2.2.4 Sample Tank. Stainless steel or aluminum cylinder, with a
minimum volume of 4 liters and equipped with a stainless steel sample
tank valve.

2.3 Vacuum Pump. Capable of evacuating to an absolute pressure
of 10 mm Hg.

2.4 Purging Pump. Portable, explosion proof, and suitable for
sampling NMOC.

2.5 Pilot Probe Procedure. The following are needed only if the
tester chooses to use the procedure described in Section 4.2.1.

2.5.1 Pilot Probe. Tubing of sufficient strength to withstand
being driven into the Tandfill by a post driver and an outside diameter
of at least 0.25 in. smaller than the sampie probe. The pilot probe
shall be capped on both ends and long enough to go through the landfill
cover and extend no less than 3 ft into the landfill.

2.5.2 Post Driver and Compressor. Capable of driving the pilot
probe and the sampling probe into the landfill. The Kitty Hawk
portable post driver has been found to be acceptable. NOTE: Mention

of trade names or specific products does not constitute endorsement by

the Environmental Protection Agency.
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2.6 Auger Procedure. The following are needed only if the tester
chooses to use the procedure described in Section 4.2.2.

2.6.1 Auger. Capable of drilling through the Tandfill cover and
to a depth of no less than 3 ft into the landfill. -

2.6.2 Pea Gravel.

2.6.3 Benton%te.

2.7 NMOC Analyzer, Barometer, Thermometer, and Syringes. Same as
in Sections 2.3, 2.4.1, 2.4.2, 2.4.4, respectively, of Method 25.
3. Reagents

3.1 NMOC Analysis. Same as in Method 25, Section 3.2.

3.2 Calibration. Same as in Method 25, Section 3.4, except omit
Section 3.4.3,
4. Procedure

4.1 Sample Tank Evacuation and Leak Check. Conduct the sample
tank evacuation and leak check either in fhe laboratory or the field.
Connect the pressure gauge and sampling valve to the sample tank.
Evacuate the sample tank to 10 mm Hg abso1ute pressure or less. Close
the sampling valve, and allow the tank to sit for 60 minutes. The tank
is acceptable if no change is noted. Include the results of the leak
check in the test report, |

4.2 Sample Probe Installation. The tester may use the procedure
in Sections 4.2.1 or 4.2.2. CAUTION: LFG contains methane and
therefore explosive mixtures may exist on or near the landfill. It is
advisable to take appropriate safety precautions when testing
Tandfills, such as refraining from smoking.

4.2.1 Pilot Probe Pfocedure. Use the post driver to drive the

pilot probe at least 3 ft below the landfill cover. Alternative
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procedures to drive the probe into the landfill may be used subject to
the approval of the Administrator.

4.2.1.1 Remove the pilot probe and drive the sample probe into
the hole left by the pilot probe. The sample probe shall extend at
least 3 ft below the landfill cover and shall protrude about 1 ft above
the Tandfill cover. Seal around the sampling probe with bentonite and
cap the sampling probe with the sampling probe cap.

4.2.2 Auger Procedure. Use anauger to drill a hole through the
landfill cover and to at least 3 ft below the Tandfill cover. Place
the sample probe in the hole and backfill with pea gravel to a level
2 ft from the surface. The samplé probe shall protrude at least 1 ft
above the landfill cover. Seal the remaining area around the probe
with bentonite. Allow 24 hr for the landfill géses to equilibrate
inside the augered probe before sampling.

4.3 Sample Train Assembly. Just before assembly, measure the
tank vacuum using the pressure gauge. Record the vacuum, the ambient
temperature, and the barometric pressure at this time. Assemble the
sampling probe purging system as shown in Figure 1.

4.4 Sampling Procedure. Open the sampling valve and use the
purge pump and the flow control valve to evacuate at least two sample
probe volumes from the system at a flow rate of 100 + 10 ml/min. Close
the sampling valve and replace the purge pump with the sample tank
apparatus as shown in Figure 2. Open the sampling valve and the sample
tank valves and, using the flow control valve, sample at a flow rate of
100 + 10 ml/min until the sample tank gauge pressure is zero.
Disconnect the sampling tank apparatus and use the carrier gas bypass
valve to pressurize the sample cylinder to approximately 1,060 mm Hg

absolute pressure with helium and record the final pressure,
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Figure 1. Schematic of sampling probe purging system.
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Figure 2. Schematic of sampling train.
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Alternatively, the sample tank may be pressurized in the Tab. If not
analyzing for NZ’ the sample cylinder may be pressurized with zero air.

4.4.1 Use Method 3C to determine the percent N2 in the sample.
Presence of N2 indicates infiltration of ambient air into the gas
sample. The landfill sample is acceptable if the concentration of N,
is less than one percent.

4.5 Analysis. The oxidation, reduction, and measurement of
NMOC’s is similar to Method 25. Before putting the NMOC analyzer into
routine operation, conduct an initial performance test. Start the
analyzer, and perform all the necessary functions in order to put the
analyzer intb proper working order. Conduct the performance test
according to the procedures established in Section 5.1. Once the
perforﬁance test has been successfully completed and the NMOC
calibration response factor has been determined, proceed with sample
analysis as follows:

4.5.1 Daily Operations and Ca]fbration Checks. Before and
immediately after the analysis of each set of samples or on a daily
basis (whichever occurs first), conduct a calibration test according to
the procedures established in Section 5.2. If the criteria of the
_dai]y calibration test cannot be met, repeat the NMOC analyzer
performance test (Section 5.1) before proceeding.

4.5.2 Operating Conditions. Same as in Method 25, Section 4.4.2.

4.5.3 Analysis of Sample Tank. Purge the sample loop with sample, and
then inject the sample. Under the specified operating conditions, the
CO2 in the sample will elute in approximately 100 seconds. As soon as
the detector response returns to baseline following the C02 peak,
switch the carrier gas flow to backflush, and raise the column oven

temperature to 195°C as rapidly as possible. . A rate of 30°C/min has
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been shown to be adequate. Record the value obtained for any measured
NMOC. Return the column oven temperature to 85°C in preparation for the
next analysis. Analyze each sample in triplicate, and report the
average as Ctm'

4.6 Audit Samples. Same as in Method 25, Section 4.5.

5. Calibratiog and Operational Checks

Maintain a record of performance of each item.

5.1 Initial NMOC Analyzer Performance Test. Same as in
Method 25, Section 5.2, except omit the linearity checks for CO2
standards.

5.2 NMOC Analyzer Daily Calibration.

5.2.1 NMOC Response Factors. Same as in Method 25,

Section 5.3.2.

5.3 Sample Tank Volume. The volume of the gas sampling tanks
must be determined. Determine the tank volumes by weighing them empty
and then filled with deionized water; weigh to the nearest 5 g, and
record the results. Alternatively, measure, to the nearest 5 ml, the
volume of water used to fill them.

6. Calculations

A1l equations are written using absolute pressure; absolute
pressures are determined by adding the measured barometric pressure to
the measured gauge of manometer pressure.

6.1 Nomenclature.

oo
n

Moisture content in the sample, fraction.

o
]

t Calculated NMOC concentration, ppm C equivalent.

Ctm = Measured NMOC concentration, ppm C equivalent.
Pb = Barometric pressure, mm Hg.
Pti = Gas sample tank pressure after evaéuation, mm Hg absolute.
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Pt = Gas sample tank pressure after sampling, but before
pressurizing, mm Hg absolute.

Ptf = Final gas sample tank pressure after pressurizing, mm Hg
absolute. .

P = Vapor pressure of HZO (from Table 1), mm Hg.

Tti = Sample tank temperature before samp]ing,'OK.

Tt = Sample tank temperature at completion of sampling, %.

tf = Sample tank temperature after pressurizing, %,

r = Total number of analyzer injections of sample tank during

analysis (where j = injection number, 1...r).
6.2 Water Correction. Use Table 1, the LFG temperature, and

barometric pressure at the sampling site to calculate Bw.

-olv
(=R L 3

B, =

6.3 NMOC Concentration. Use the following equation to calculate

the concentration of NMOC for each sample tank.

B T
ali r
"t T PthP [(1—81) v El ct"‘(j)]
v Py ’
t Tt
| -
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TABLE 25C-1. MOISTURE CORRECTION

o Vapor pressure ‘ 0 Vapor pressure
Temperature, C of HZO’ mm Hg Temperature, C of HZO’ mm Hg

6.1 18 ‘ 15.5
7.0 20 17.5

8 8.0 22 . 19.8

10 9.2 24 22.4

12 10.5 26 25.2

14 12.0 28 28.3

16 13.6 30 31.8
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APPENDIX F
TABLES ON THE ECONOMIC IMPACTS OF THE ENERGY RECOVERY OPTION
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APPENDIX G
THEORETICAL COLLECTION SYSTEM DESIGN

G.1 INTRODUCTION

This appendix provides the theoretical approach for designing landfill
gas collection systems. Design equations for active vertical wells, active
horizontal trenches, and passive vertical wells are detailed in
Sections G.3, G.4, and G.5, respectively. These equations were used in
Chapters 5, 6, and 7 to quantify the nationwide impact of controlling
landfills and as the foundation for the collection system design procedure
outlined in Chapter 9. The design procedure in Chapter 9 is a graphical
interpretation of the theoretical design equation. The derivation of this
procedure, is provided in Section G.6.

G.2 ASSUMPTIONS
The following assumptions have been made in developing the design
equations for landfill gas collection systems:

0 The design of the active vertical and passive collection systems is
based on the peak landfill gas generation rate which is calculated
using: (1) an equation that describes the radius of influence of
extraction wells and (2) site-specific information for each
Tandfill (e.g., amount of refuse in place, landfill depth, Tandfill
age, acceptance rate, etc.).

0o Scholl Canyon Model, a first order decay model described in
' Chapter 3, is used to estimate the landfill gas generation rate.

o The lag time (typically less than one to two years) for the
landfill gas generation is negligible when compared to the total
1ife of landfill gas generation. Thus, the peak landfill gas
generation rate is assumed to occur at the time of closure.

G.3 THEORETICAL APPROACH FOR ACTIVE VERTICAL WELL COLLECTION SYSTEM DESIGN
The geometry of an active well system is illustrated in Figure G-1.

The radius of influence for a vertical well can be obtained by the following

mass balance equation:

q.. E)/2 (1)

Ra = (Qw,a Design Capacity/wL Prefuse gen Ea
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Ra = radius of influence

Dcover = cover thickness

WD = well depth

L = landf11] depth

Pv = yacuum pressure

P‘ s internal landfill pressure

r = radius of well

Figure G-1. Model active vertical well collection system geometry.
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where,

Ra = radius of influence for active collection systems, m
Qw,a = landfill gas flowrate per well, m3/sec
Design Capacity = design capacity of the landfill, kg
T=13.14
refuse = refuse density, kg/m3

L = landfill depth, m

Qgen = peak landfill gas generation rate, m3/sec
a = fractional collection efficiency of active well

systems

Equation (1) calculates the radius of influence based on the maximum
landfill gas generation rate (Q en) and the collection efficiency of the
active vertical well system (Ea). If the lag time for landfill gas
generation is neglected, Qgen is assumed to occur at the time of landfill
closure and can be determined using the Scholl Canyon model:

Qgen =2 L0 R (1 - exp(-kt)) (2)
where,
Qgen = peak Tandfill gas generation rate, m3/yr
Lo = refuse methane generation potential, m3 methane/Mg refuse
R = average refuse acceptance rate, Mg/yr
k = landfill gas generation rate constant, 1/yr
t = landfill age upon closure

To calculate Qgen using Equation (2), it is necessary to know values for
L0 and k. As discussed above, L0 and k vary from landfill to

Tandfill depending on the composition, moisture content, pH, and internal
landfill temperature. Values of L0 and k have been determined empirically
for a total of 54 landfills based on test well data and/or data from

existing landfill gas collecting systerns.1 For these landfills, the

estimated Lo and k correspond to the collected landfill gas flowrate

G-3



(Qgen X Ea) rather than the total landfill gas generation rate. Using the
values of LO and k derived in this way, the product of Qgen and Ea may be
calculated using the following equation:

Q Ea =2 Lé R 1 - exp (-k’t)] ' | (3)

gen

where,

L’ = refuse methane generation potential estimated frog test well data
and/or existing landfill gas collection system, m” methane/Mg
refuse.

k’ = landfill gas generation rate constant estimated from test well data
and/or existing landfill gas collection system, 1/yr

Once the radius of influence is calculated, the number of wells
necessary can be calculated from the landfill area.

ns A/(TR?) (4)
where,
n = number of wells 2
A = area of landfill, m

design capacity/(refuse denéity X depth)
radius of influence, m
3.14

R

It

a
™

From Darcy’s Law, the landfill pressure corresponding to the calculated
radius of influence, refuse permeability, the magnitude of vacuum applied,
and the collectable landfill gas flowrate (i.e. Qgen X Ea) can be
ca]cu’lated.2

2 2 2
Py - Py ) Ra 1"§Ra/r)“1fg refuse (Ygen Ea) ()
Pv Design Capacity krefuse (WD/L)
where,
P1 = internal landfill pressure, Newton/m2
Pv = vacuum pressure, Newton/m2
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Ra = radius of influence, m
r = radius of outer well (or gravel casing), m
refuse = refuse density, 650 kg/m3 )
krefuse = intrinsic refuse permeability, m )
“1fg = landfill gas viscosity, Newton-sec/m
Design Capacity = design capacity of landfill, kg
WD = well depth (i.e., 0.75L), m
L = landfill depth, m
= peak landfill gas generation rate, ft3/yr

E. = fractional collection efficiency of active well system

Once the radius of influence and the number of wells are calculated, it
is necessary to check if significant air infiltration exists under the given
refuse permeability, cover permeability, and vacuum applied.

The flow of air through the cover material is illustrated in
Figure G-2. At steady state, the flowrate through the interface of
atmosphere and the cover material, and the flowrate through the interface of
cover material and the refuse are the same. Thus, the following equation is
obtained at steady state:

Vair = kcover (Patm i pi)/(#air Dcover) (6)

krefuse,v (Pi . Pv)/(“air X)

where,
Vaip = air velocity through cover and refuse, m/sec
o . v 2
kcover = intrinsic cover permeability, g
Patm = atmospheric pressure, Newton/m
Pi = interface pressure, Newton/m2
Kaip = air viscosity, Newton-sec/m2
Dcover = cover thickness, m )
krefuse v - intrinsic vertical refuse permeability, Newton-sec/m
4 2
Pv = vacuum pressure, Newton/m

X = length of solid pipe, m

G-5




Air flow \I ‘ Rycos 0
) 1 1

e VL
x' A | Ra/OV
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P] Pv ' t
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Refuse ! |
! '
| '
N |
: ! R, * radius of influence
{ ! X = Tlength of solid pipe
i ! Py = internal landfill pressure
l’1 = {nterface pressure
Pv * vacuum pressure
SIDE VIEW

Figure G-2. Air flow through landfiil cover.
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It should be noted that the vertical refuse permeability is used for air
infiltration equations rather than the horizontal permeability (or simply
permeability). According to industry experts, the horizontal permeability
is approximately 10 times greater than the vertical permeability due to the
layering effect of the refuse accumu]ation.3

The flowrate of air can be calculated using the following equation:

Qir = (Vagp) (R, cos(0))?
= Viip Ra (if@= -0) (7)
If the maximum allowable percent of oxygen in the total collected

Tandfill gas is assumed to be 0.5 percent, the corresponding allowable
percent of air in landfill gas is 2.44 percent.4 Therefore, the minimum
solid pipe length required (X) can be calculated by the following equation:

(0.0244)(Q E.) =k

gen -a cover (Patm = Pi) A (iyip Deoyer) (8)
= krefuse,v (P = Py A /gy X)

Note that Equation (8) only accounts for the air infiltration from the
surface of a landfill (i.e, the air infiltration from the sides of landfill
is negligible compared to the air infiltration from the surface of landfill).
Equation (8) can be simplified to:

X = {[krefuse,v kcover (Patm = Py) Mhgiy (0'0244)(Qgen Ea)) - ()

krefuse,v Dcover)/kcover

If the required solid pipe length is greater than the available solid
pipe length (based on the given landfill depth), the Tandfill is considered
shallow and the magnitude of vacuum needs to be reduced to meet the
2.44 percent air content requirement. The available solid pipe length can be
estimated by assuming that the well depth is 75 percent of the landfill depth
and two thirds of the well depth needs to be perforated and one third of the
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well needs to be soh‘d.5 For shallow landfills, the magnitude of vacuum
required can be calculated using Equation (9) by setting X to be the
available solid pipe length.

The radius of influence is then recalculated based on the new vacuum
and the landfill pressure calculated using Equation (5). The radius‘of
influence for shallow landfills is expected to be smaller since the pressure
driving force (or pressure gradient) would be less. Thus, to achieve the
same collection efficiency in a shallow landfill as in a deeper Tandfill,
the number of wells required in a shallow landfill will be larger.

The design calculation steps for active vertical well collections
systems are illustrated in Figure G-3.

G.4 THEORETICAL APPROACH FOR HORIZONTAL TRENCH COLLECTION SYSTEMS DESIGN
The geometry of a model horizontal trench system is illustrated in
Figure G-4. The governing equations for horizontal trench systems are also

based on a mass balance equation and Darcy’s Law. The basic approach for
designing horizontal trench collection systems is to use the radius of
influence calculated for active vertical wells (using Equation (1)) to
determine the horizontal spacing between trenches, since the radius of
influence is a function of the refuse permeability and the Tandfill
pressure. The landfill pressure, in turn, is a function of the

1andfill gas generation rate and degree of containment (i.e., type of liner,
etc.). The vertical spacing between the trench Tayers can be calculated by
the following equations using vertical refuse permeability.

2
RS In(R /)

[(P12 ; Pvz) Design Capacity k (WD/L)1/ (11)

refuse,v
[Pv HLEG  refuse (Qgen Ea)]

S, = 2R,
where, ‘
P1 = internal landfill pressure, Newton/m2
Pv = average yacuum pressure along the trench length,

Newton/m
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Calculate the product of peak landfill gas generation rate and active
vertical well collection system efficiency using equation (3)

L
Calculate radius of influence using equation (1)

¥y
Calculate the Tandfill pressure using equation (5)

Y

Calculate the minimum solid pipe length, X using equation (9)

\

Compare X to the available solid pipe length (0.75 L X 0.333)

Is X greater than the available solid pipe length?

N

No Yes

Calculate the vacuum pressure necessary to make
X = avajlable length by using equation (9)

A

Recalculate radius of influence under the new
vacuum pressure using equation (5)

Y

Calculate the number of wells necessary using equation (4)

Figure G-3. Active vertical well collection system design calculation steps.
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Figure G-4. Model horizontal trench system geometry.
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refuse
Hifg

krerse,v
Design Capacity

WD

vertical spacing between trench layers (i.e., radius
of influence for vertical direction), m

vertical radius of influence, m

radius of gravel casing, m

refuse density, 650 kg/m>

landfill gas viscosity, Newton-sec/m2

intrinsic vertical refuse”permeabi]ity, m2

design capacity of landfill, kg

well depth, m (typically 0.75 L)

landfill depth, m

peak landfill gas generation rate, m3/yr

fractional collection efficiency of active well system

Note that the vacuum pressure used in Equation (l1) is an average vacuum

pressure along the length of a trench.

If the vacuum is pulled only at one

end of a trench, there may be a signifihant pressure drop along the length of

the trench unless the collected gas flowrate is too small to yield a

significant pressure drop.

The pressure drop can be minimized if vacuum is

pulled evenly using a manifold system.

The number of trench layers can be calculated by:

L/S

3
-
1}

v

[ %] >3
'— —
] 1] "

(12)

number of trench layers
landfill depth, m
vertical spacing between trenches, m
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Once the vertical spacing between the trench layers is calculated, the
horizontal spacing between trenches can be calculated by the following

equations:

ha In(R/r) = [(P]Z - Pvz) Design Capacity k.oruca b (WO/L)1/

[Pv “1fg Prefuse (Qgen Ea)]

Sh = 2 Rh

where,

r

Mg
Rrefuse

krerse,h
Design Capacity

WD

internal landfill pressure, Newton/m2

average yacuum pressure along the trench length,
Newton/m

horizontal radius of influence, m
horizontal spacing between trench layers, m
radius of gravel casing, m

1andf%11 gas viscosity, Newton~sec/m2
refuse density, 650 kg/m3

intrinsic horizontal refuse permeability, m
design capacity of landfill, kg

well depth, m (typically 0.75 L)

landfill depth, m

peak landfill gas generation rate, m3/yr

2

(13)

fractional collection efficiency of active well system

Assuming that the landfill is square, the number of trenches per trench

layer can be calculated by:

t number of trenches per trench layer

_al/2
ny = A /Sh
where,
n =
A = landfill area, m
Sh =

2

= horizontal spacing between trenches, m

G-12
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Therefore, the total required trench length for a square landfill is:

. _ 1/2 (15)
Lt = nt " A
where,
Lt = total length of trench, m
A = landfill area, m?

The air infiltration equations for the active vertical collection
systems also apply to the horizontal trench collection Systems. If the
landfill is shallow, the radii of influence for vertical and horizontal
directions are calculated (for active vertical well systems) using the
reduced magnitude of vacuum and they are applied to horizontal trench
systems as the vertical and horizontal spacings.

The design calculation steps for horizontal trench collection systems
are presented in Figure G-5.

G.5 THEORETICAL APPROACH FOR PASSIVE COLLECTION SYSTEMS DESIGN

The geometry of the model passive well system is illustrated in
Figure G-6. The governing equations for active systems also apply to
passive systems except that the pressure gradient in Equation (5) is based
on the difference in landfill pressure and atmospheric pressure as follows:

2 2 2
Py - Patn _ Ro 1"$Rp/r) Mfq_Prefuse (Qgep Ep) (16)
Patm Design Capacity krefuse (WD/L)
where,
P1 = internal landfill pressure, Newton/m2
Patm = atmospheric pressure, Newton/m2

R = radius of influence for passive system, m
r = radius of outer well (or gravel casing), m
. 3
refuse - refuse density, 650 kg/m )
krefuse = intrinsic refuse permeability, m )
”1fg = landfill gas viscosity, Newton-sec/m
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Calculate the product of peak landfill gas generation rate and active
vertical well collection system efficiency using equation (3)

Y

Calculate radius of influence for active vertical
»wel] collection system using equation (1)

\

Calculate the landfill pressure using equation (5)

Y

Adjust the vacuum pressure to minimize air
infiltration using equation (9)

Vv

Calculate vertical radius of influence and vertical spacing for
horizontal trench collection system with same efficiency as
active vertical well system using equation (11)

y
Calculate number of trench layers using equation (12)

A

Calculate horizontal radius of influence and horizontal
spacing for horizontal trench collection system using
using equation (13)

Y

Calculate number of trenches per layer using equation (14)

Yy

Calculate total trench length required using equation (15)

Figure G-5. Horizontal trench system design calculation steps.
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Patm
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1

passive control

fequipment or header

Y

R

——————
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R = radius of influence
of passive well

Patm = atmospheric pressure
P] = internal landf{l1 pressure

Dcover = cover thickness

Figure G-6.

SIDE VIEW

Model passive collection system geometry.
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peak landfill gas generation rate, m3/yr

fractional collection efficiency of passive well
system

design capacity of landfill, kg
well depth, m (typically 0.75 L)
landfill depth, m

Qgen

Ea

n

Design Capacity
WD
L

1

The ratio of the radius of influence of passive systéms to the radius
of influence of active systems can be expressed by the following equation:

sz In(Ry/r) [Py - Patmz)/Patm] E,
R,% Tn(R/7) (P2 - p,2)/p,] €,

(17)

By setting the ratio of collection efficiencies on passive systems and
active systems to one, the passive system design needed to achieve the same
collection efficiency as an active system can be determined. Based on the
radius of influence of the passive wells obtained from Equation (17) the
number of passive wells necessary can be calculated as follows:

n = A/(TR?) - (18)

where,

n = number of wells

, Tandfill area, m2
R

radius of influence for passive system, m

As discussed earlier, the problem of air infiltration does not exist for
passive systems since the passive systems rely on the natural pressure
gradient. The design calculation steps for passive collection systems are
illustrated in Figure G-7.

G-16




Calculate the product of peak landfill gas
generation rate and active vertical well
collection system efficiency using Equation (3)

Y

Calculate radius of influence for active
vertical well collection system using
- Equation (1)

4

Calculate the landfill pressure
using Equation (5)

4

Calculate radius of influence for passive
collection system with same efficiency as
active vertical well system using
Equation (17)

: ]

Calculate number of passive wells
necessary using Equation (18)

Figure G-7. Passive collection system design calculation steps.
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G.6 GRAPHICAL INTERPRETATION OF THE THEORETICAL APPROACH

A graphical interpretation of the design equations provided in the
previous sections was performed to simplify the approach 1andfill owners
would have to take to design collection systems in the absence of
site-specific data. Sections G.6.1 and G.6.2 describe the derivation of the
simplified design approach for active collection systems and passive
collection systems, respectively. '
G.6.1 Simplified Approach for Active Collection System Design

The approach outlined in Chapter 9 for active collection systems is a
two step process. The first step is to determine the maximum blower vacuum
allowed for a given landfill depth. From Equation 9 in Section G.3, a
relationship between the blower vacuum (Pv) and the landfill depth (L) was
obtained.

0 Derivation of Pv as a function of L
Given: Equation 9

X = - P) A - (k

(krefuse,v)(kcover)(Patm refuse,v)(Dcover)

HKair .0244 Qgen

II(COVET

From the well specifications, x, the length of solid pipe, is
equal to 1/3 the well depth which is 75 percent of the Tandfill
depth.

. .25L = (k P P)A- (k

refuse, v)(kcover)( atm v refuse,v)(ocover)

Hair .0244 Qgen

kCOVEF

Solving for Pv:

Pv = Patm - 102800 (K guep) + (Kpapuse) (Peover)]

* (Qgen/A)(‘°244/kcover)(”air/krefuse)
But A can be expressed in terms of L

A = DC
prefuseL




where,

L = Landfill depth, m
OC = Design Capacity, Mg 3
refuse - refuse density, kg/m
Py = Patm - [('ZSL)(kcover) *+ (kperyse) (Ocover)]

* (Qgen/DC)( refuseL)('0244/kcover)( air/krefuse)

Using the following values for refuse density, refuse
permeability, and air viscosity:

3
crefuse = gsg4§g/m10_13 2 -
refuse _ 7° X 23 m 2
air = 1. 8 x 10 © N-sec/m

and assuming atmospheric pressure is equal to 1 atm, the equation
becomes:

P, = 1 - [(.250)(k )(3.743 x 107133

COVEY‘) * (DCOVEI‘
* (Qgen/0C) (L/k gyep) (-004)

The ratio of Q to DC will vary from landfill to landfill due to
differences in94ltive Tife and refuse composition. For the sake
of simplicity, however, a single conservative value of this ratio
was developed and used to generate a relationship between P and L
that would apply to a wide variety of Tandfills. The OSW d¥tabase
of municipal landfills served as the source for values of Q.. /DC.
The Scholl Canyon model for landfill gas generation (EquatigﬁHZ)
was used to determine the maximum expected landfill - gas flowrate
for each 1andfill in the database. In order to obtain consistency
in the Tandfill gas generation rate between landfills, a value of
0.02 1/yr was gsed for k, the gas generation rate constant, and a
value of 230 m” methane/Mg refuse was used for L , the gas
generation potential. These values represent th® 80th percentile
of the k’s and L_’s that were randomly assigned to the landfiils
in the database o obtain national and economic impacts. More
information on k and Lo is provided in Chapter 3.

The resulting values of Q /DC ranged from .000025 cfm/Mg to
.0007 cfm/Mg. The averagﬂeuas assumed to provide a reasonable,
yet conservative value for Q___/DC that could apply to a wide
range of landfills. Using tHY value of Q.../0C, the relationship
between P_ and L was obtained for three ty &Y of caps: synthetic,
clay, and soil. Using cover permeabilities and thicknesses
provided in Table G-1, the following equations were developed for
the three cover types:

Synthetic: P =1 - (4.2 x 107 1% 4+ 4.7 x 1074 1)
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TABLE G-1. COVER PERMEABILITIES AND THICKNESSES

Cover type Permeability (mz) Thickness (m) Reference
Synthetic 1.0 x 10718 7.6 x 1074 6
Clay | 5.0 x 10715 .61 7
Soi1 - axwt .61 8
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Clay: Pv

Soil: Pv

These equations are illustrated in

1- 42x107 L2 47.6x107% 1)
1-4.2x107 12+3.8x1050)

Figure 9-6 in Chapter 9.

The second step in designing an active landfill gas collection system

is to determine the radius of influence that
blower vacuum determined in the first steg.

corresponds to the maximum
From Equation 5 in Section G.3,

a relationship between radius of influence for an active system (Ra) and

blower vacuum (Pv) can be obtained.
[ Derivation of R

Given Equation 5

a as a function of Pv’

2 2 52
P] i Pv - Ra (]n(Ra/r) LFG refuse Qgen
P, 0C  Kpgpyse (WO/L)
Solving for Ra
2 _pe 2
Ra In (Ra/r) =Py - Py 0C krefuse (WO/L)
pv Qgen LFG refuse
Using the following values:
r = .3048 m
- -13 2
krefuse = 3.743 x 10 m
WO/L = 0.75 -5 2
LFG = 1.15 x lg N-sec/m
refuse - 650 kg/m
the expression becomes
2 _ 2 2
Ra 1n(Ra/.3048) = P1 - Pv DC 8.06
Pv Qgen

Using the average value of Q

Pv as a function L and assum?ﬁa

1.01 atm, the expression becomes

/DC provided in the derivation of
a landfill gas pressure of

2 _ 2 4
Ra 1n(Ra/.3048) = (1.02 - Py /Pv)(1.7 x 107)

This equation is illustrated in Figure 9-7 in Chapter 9.
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As mentioned in Chapter 9 using this approach to collection system
design may result in an excessive number of wells when compared to the
recommended empirical approach.

G.6.2 Simplified Approach for Passive Collection System Design
The approach outlined in Chapter 9 for passive collection systems is to

determine the appropriate radius of influence for a given pressure drop-
across the collection and control ‘device. The initial step in formulating
this correlation was to develop a relationship between the radius of
influence for a passive system (Rp) and the landfill gas pressure (P])

'} Derivation of Rp as a function of P1
From Equation 17
Ro? In(Rp/r) = [(Py% - Py B)/P i1 EP

Ra 1n(Ra/r) [(py% - p 2P, Ea

Assume the collection efficiencies of an active collection system
and a passive collection system are equal (i.e., Ep/Ea = 1) and
solve for Rp.

From Equation 5

2 -
Ra®™ In(R/r) = (DC/Qgen) Krefuse (WD/L)
(P2 - p2)/P,]
1 " v LFG refuse
R 2 1 _ 2 2
.". Rp™ In(Rp/r) = P] - Patm DC Krefuse (WD/L)
Patm Qgen refuse LFG

Assuming that atmospheric pressure is equal to 1 atm and using the
refuse and landfill gas propertles provided in Section G.6.1, the
expression becomes

Rp? 1n(Rp/.3048) = (P,% - 1)(1.7 x 10%)
To obtain the curve in Figure 9-10, the landfill gas pressure term

was modified to take into account the pressure drop across the
collection/control device.
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